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ABSTRACT
The d isse rta tio n  opens w ith  & review o f current world­
wide developments in  agroclimatology. This h ig h lig h ts  the 
dearth o f ob jective  crop-weather studies on a macroscale in 
South A fr ic a . Maize y ie ld s  fo r  38 m agisteria l d is t r ic ts  
a f  the Orange Free State are examined ir, re la t io n  to  mean 
monthly values o f ra in fa l l  and temperature fo r  the period 
1950 to  1965 inc lus ive . I n i t ia l l y  these d is t r ic ts  are 
grouped in to  homogsneaus maize regions using p rinc ipa l 
component analysis; a fte r  vhich waize-climate re la tionsh ips 
are analysed on a regional basis using inuu ip le  regression 
techniques. Regression models are then extended to  
enable forecasts o f  maize y ie ld s  to  be given in  January.
This is  to  declare tha t th is  d isse rta tion  
is  e n tire ly  my own work and has not been 
previously submitted as a d isse rta tion  
fo r  any degree in  any other U n ivers ity .
T h is  d is s e r ta t io n  i s  d e d ica te d  to  
BcTbam and Laurence G i l lo o ly .
PREFATORY NOTE
The world food c r is is  is  a problem which is  rece iv ing ever 
increasing a tten tion  from government agencies, sc ie n tis ts  and 
decision makers in  general. The current food shortage is  a 
consequence o f the surge in  world population over the past few 
decades, and the resu ltan t in te n s ifie d  pressure on are&s o f  arable 
land. Coupled w ith  the increased human pressure on land is  the 
contro l exerted by c lfm c tic  factors and varia tions  the reo f, on 
ag ricu ltu ra l production. These c lim a tic  changes occur on both 
short and long term time scales and th e ir  e ffec ts  become more 
d ras tic  as man penetrates areas which are c lim a tic a lly  marginal fo r  
ag ricu ltu re .
The concern over the food shortages has led to  the in i t ia t io n  
o f  several in te rna tiona l agrometeorological p ro jects  fo r  the large 
scale monitoring o f  crop production. U n til now, pred ic tions o f 
crop yie lds were lim ite d  to  small scale studies using deta iled 
c lim a tic  data. For large scale regional forecasting o f  crop y ie ld s  
to  be feas ib le , the data must be commonly used and re a d ily  available
The present d isse rta tion  comprises an analysis o f the po ten tia l 
monitoring o f regional crop y ie ld s  in South A fr ic a . A s ing le  crop, 
namely maize , has been chosen fo r  analysis w ith in  a defined region, 
the Orange Free Statu. More s p e c if ic a lly , the aims o f  th is  d isser­
ta tio n  are:
( i )  to  examine any s tru c tu ra l re la tionsh ips e x is tin g  between 
selected c lim a tic  parameters and maize y ie ld s  in  the Orange 
Free State and
( i i )  to  investigate the p la u s ib i l i ty  o f using stochastic models 
fo r  forecasting annual maize y ie ld s .
Chapter 1 presents an in troduction to the world food problem; 
an h is to r ic a l synopsis o f  r a in fa t l va ria tions in  South A fr ic a , 
and the scope o f agroclimatology in  South A frica  and the re s t o f 
the world. A na ly tica l techniques used in  the analysis o f 
maize yie lds and c lim a tic  factors are contained in  Chapter 2. 
Chapter 3 is  concerned w ith  the formation o f homogeneous maize 
growing regions; and in  Chapter 4, s tru c tu ra l maize y ie ld -  
climate re la tionsh ips are investigated. Ir, Chapter 5 the 
models are extended fo r  forecasting purposes. F in a lly  in 
Chapter 6, conclusions are drawn and the resu lts  o f the d isse r­
ta tio n  summarized.
During the period o f research fo r  th is  d isse rta tio n , parts 
o f  the m ateria l presented herein have been published. A synopsis 
o f the work contained in  Chapters 3 and 4 has been accepted fo r 
pub lica tion  in  Mature (1977). Those aspects o f  Chapter 4 not 
contained in  the f i r s t  paper have been presented in  a paper in  
A g ric u ltu ra l Meteorology (1977) v o l.17.
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1CHAPTER I 
INTRODUCTION
1.1 BACKGROUND TO THE WORLD FOOD PROBLEM
That the world is  su ffe ring  from a food c r is is  due to i t s  
burgeoning population is  a w ell known fa c t. Yet i t  is  only now 
th a t th is  problem is  receiving the a tten tion  i t  warrants from 
in te rna tiona l organisations, governments and the pub lic  (B a le r,1974).
Since the middle o f t tv s  century, increases in a g ricu ltu ra l 
production have become more and more dependent on the in te n s ifie d  
e x p lo ita tio n  o f ex is ting  a g ricu ltu ra l land. This was made 
possible by an advancing technology such as the increased use o f 
agrochemicals, the in troduction  o f high y ie ld in g  v a rie tie s  o f crops 
and other c u ltiv a tio n  practices, in  what became known as the Green 
Revolution (Revel!e, 1974). Although increased y ie ld s  o f  major 
world crops resulted from these measures, the r is in g  demand fo r  
food from the expanding world population and greater buying power 
o f the developing countries exceeded the grain supply (Landsberg,
1974). The net re s u lt has been a downward trend in  world grain 
reserves (Robertson, 1974a).
The problem o f nourishing a world population already too 
large to  support i t s e l f ,  is  fu r th e r complicated by varia tions  in 
clim ate (Newman and P icke tt, 1974). Such c lim a tic  varia tions 
occur on short term scales, fo r  example year to  year changes and 
on lone term time scales in  the form o f c lim a tic  trends (Thompson, 
1975a,b). The increased aware:,,. . f  such phenomena stems from a
number o f  c lim a tic  shocks since 1960. These range from the 
reappearance o f  the A rc tic  ice o f f  the Ice landic coast (Clarke,
1970; Kristjannson, 1969; Kukla and kukla, 1974) and an increased
Iincidence o f monsoon fa ilu re s  in  India (Jagannatnan and 
Pa-'thasarathy, 1973; Winstanley, 1973a,b), to  a lte rna tions o f  
unaccustomed droughts and hot weather in  many regions in  middle 
1 ’ ; tudes \n in th  hemispheres (Bryson, 1973; G ribb in, 1974; 
Jenkinson, 19/5), These changes have tended to d is loca te  world 
trade and price s ta b i l i t y  and have raised the spectre o f food 
shortages (Lamb, 1975a).
The recent drought in  the Sahelian region o f A fr ica  has 
aroused unprecedented a tte n tio n . This drought reached a climax 
tn  1973 a fte r three successive bad years in which ra in fa ll 
averaged approximately tw o-th irds o f the median ra in fa l l  value 
(W instanley,1973 a), During th is  period many people and vast 
numbers o f c a tt le  and game died (Bunting e t a l3 1975, 1976).
Median ra in fa l l  in  1974 and 1975 a lle v ia te d  conditions in  the area. 
Landsberg (1975) considers the 1970-72 Sahelian drought to be a 
re p e tit io n  o f s im ila r  prolonged droughts in  1913-14 and 1940-45.
The greater concern f e l t  about the recent drought re fle c ts  the 
degree to  which population pressure in  the 1970‘ s and the associated 
e ffe c ts  on ru ra l a c t iv i t ie s  have triggered greater ecological 
and socio-economic e ffec ts  than have previous droughts. (Aust. Acad, 
o f  Science, 1 176). I t  is  s ig n if ic a n t th a t mud a g ricu ltu ra l 
production in  many parts o f the world is  undet-Mken in  regions 
c lim a tic a lly  marginal fo r  a g ricu ltu re . Hence the increasing ly 
severe e ffects  o f recent droughts and floods am due more to  the 
increased human pressure on the land, th?' '  .rease in
c lim a tic  v a r ia b il ity .
Considering the socio-economic consequences o f  c lim a tic  
changes in conjunction w ith  changes in  production po lic ies in 
many countries (G ribbin, 1974), i t  is  c lear tha t the present food 
s itu a tio n  is  h i • ly  vulnerable to  the vagaries o f  clim ate. The 
low world food rks are o f the same order o f magnitude as the 
weather-induced lunge o f v a r ia b i l i ty ,  and are close to  the c r i t ic a l  
l im i t  fo r  annual carry-over, which is  e igh t to  ten percent o f  world 
food production (National Oceanic and Atmos. Admin., 1973). Hence 
we are not even in  a pos ition  to  cope w ith  'hose c lim a tic  
fluc tua tions  which normally occur from year c year in  any epoch.
This new hand-to-mouth food s itu a tio n  necessitates fresh 
technical approaches to assess current crop conditions and y ie ld  
expectations (Russell, 1976). The analysis o f regional crop 
y ie ld s  in  re la tio n  to ciinat'ic. fac to rs  has important p ractica l 
app lica tions. I t  is  fo r  instance, most useful to  be able to 
provide inform ation on probable crop y ie ld s  during the growing 
season. Yields obtained on a commercial basi:; are l ik e ly  to 
d i f f e r  somewhat from those produced in  f ie ld  experiments. Data 
used in microscale and mesoscale studies are detailed and frequently 
o f  a phenologlcal nature, whereas macroscale analyses use 
measurements over a geographical region and represent much la rg e r 
quan tities  o f production.
1.2 PROGRESS IN AGROCLIMATOLOGY
A g ricu ltu ra l meteorology is  the study o f  those aspects o f 
meteorology o f d ire c t relevance to a g ricu ltu re , anti cu rren tly  
concentrates mainly on micrometeorological analyses. On the other 
hand, agroclimatology is  concerned w ith  the broader app lica tions and 
use o f  such studies in a g r ic u ltu ra l planning (Smith, 1976).
There are a number o f crop-weather sim ulation schemes fo r  the 
assessment o f a g ricu ltu ra l r is k ,  fo r  example tha t o f Baler (1973a,b). 
Several crop-weather models have been developed fo r  sp e c ific  crops 
and c lim a tic  regimes. They are commonly based on simple or m u ltip le  
regression methods, and include selected c lim a tic  parameters w ith in  
•the set o f p red ic to r variab les. For large scale studies I t  has 
bee,i found th a t p re c ip ita tio n  and temperature terms are useful 
p redictors o f crop y ie ld s , as well as being commonly recorded and 
re a d ily  ava ilab le  (Bourke, 1975). C lim atic data are usually 
expressed as pentades or monthly values but where records are 
ava ilab le , d a ily  values are also used. Non-climatic data such as 
s o il type and f e r t i l i z e r  app lica tion  rates have also been included 
In  the regression models ( fo r  example, Bryson, 1974). .
Canadian wheat y ie lds have been studied by Baler and Robertson 
(1967), Baler and Williams (1974), Robertson (1974U) and Williams 
e6 a l (1975); other North American work includes tha t o f Dale and 
Hodges (1972), Gross and Rust (1972), Hanks (1974), Pochop a t a l
(197i?) and Runge (1968). Lewin and Lomas (1974), Lomas and 
Shashoua (1973) and Lomas e t a l  (1974) have concentrated on the 
in fluence o f weather on ag ricu ltu re  in semi-avid regions. A great 
deal o f research on the e ffec ts  o f climate on maize and r ice  y ie lds 
is c u rre n tly  underway in  India (Bhargawa e t a l,  1974; Ghildyal 
and Jana, 1967; Huda e t a l,  1975, 1976; Mane and Dastane, 1971; 
Sreenivasan, 1974 and Sreenivasan and Banerjee, 1973). Recent 
work in  Japan on r ic e  y ie ld s  includes tha t o f  Murata (1975) and 
Murata and Togari (1972) amongst others. Seasonal crop y ie ld  
pred ictions are cu rre n tly  being made in  several wheat producing 
countries, rs p e c ia lly  the U.S.S.R. (Degtyareva, 1973; Federov,
1974; Polevoj and Myzina, 1973 and Zheltaya, 1974).
Following a proposal passed a t ti.e recent, conference on the 
world food supply concerning the monitoring o f crop expectations, 
the United States is  mounting a Large Area Crop Inventory Experiment 
(L .A .C .I.E .) (Hammond, 1975). The f i r s t  part o f th is  p ro jec t is  
the acqu is ition  o f inform ation from s a te l l i te  photo-images, and 
the second part involves the use o f weather data in  regression 
models.
The cost involved in  a p ro jec t such as L .A .C .I.E . would be 
p ro h ib itiv e  fo r  many coun tries . S u ffic ie n t a g r ic u ltu ra l and 
c lim a tic  data is  however, ava ilab le  in  the government records o f 
most countries. I t  is  now time fo r  the c lim a tic  inform ation buried 
in  the meteorological archives o f the world to  be unearthed and 
used in  a g r ic u ltu ra l planning. S im ila r ly  crop y ie ld  data, fo r  
example from government censuses, must now be exploited to 
provide weather-based assessments o f the current sta te  o f  regional 
food production.
1.3 EFFECTS OF CLIMATIC VARIATIONS ON FOOD PRODUCTION
A problem in  crop y ie ld  forecasting arises when we come to 
consider long term predictions o f crop production. The choice to  
be made lie s  between basing long term a g ricu ltu ra l development on 
c lim a tic  normals or on projected trends. C lim atic normals are 
genera lly based on the periods 1920-1950 and 1930-1960, which were
5in  fa c t ,  h igh ly  abnormal (Mason, 1976). The a lte rn a tive  is  to 
extrapolate trends observed over a long period o f time and over 
large geographical areas. The la t te r  a lte rn a tiv e , provided 
our concern over c lim a tic  varia tions  is  real,should be the obvious 
choice. Indeed, Lamb (1975b) has described the need fo r  the 
understanding and pred ic tion  o f  long term c lim a tic  fluc tua tions  
as a m atter o f  iim ediate and growing urgency (p .9).
In an analysis o f ra in fa lI  records fo r  Ind ia , Winstanley 
(1973a,b) showed th a t irregu'v..- f lu c tu a tio n s  are superimposed on 
longer term trends. Monsoo,, ra in fa l l  during the drought o f 1973 
was a t a low po in t o f an irre g u la r flu c tu a tio n , coincident w ith  a 
longer-term downward trend, which had f i r s t  become apparent in  the 
la te  1920's. By extrapolating past trends, Winstanley showed 
th a t the fu tu re  seasonal ra in fa l l  is  l ik e ly  to  decrease to  a 
minimum around A.D. 2030. Even i f  th is  downward trend does not 
p e rs is t, i t  is  evident tha t seasonal ra in fa l l  receipts in  India are 
not stab le . This pattern also holds t r u j  fo r  the Sahel region 
o f A fr ica  and the Middle East. A g ricu ltu ra l and economic 
planners should therefore an tic ipa te  periods o f above and below 
average ra in fa l l  in  the fu tu re  (Bunting e t a t ,  1975; Undsberg, 
1975). The log ica l conclusion o f th is  discussion is  tha t seasonal 
r a r i fa U  forecasting is  v ita l i f  ea rly  warnings o f food shortages 
are to  be obtained.
The analysis o f Indian ra in fa l l  va ria tions c le a rly  shows tha t 
in s ta b i l i t y  o f c lim a tic  patterns is  o f  the utmost importance to 
a g ricu ltu re . In South A fr ica  there have been several in v e s ti­
gations in to  varia tions  in  r a in fa l l .  Bearing in  mind the 
a g r ic u ltu ra l im plications o f  such knowledge, a b r ie f  h is to r ic a l 
account o f th is  work is  given.
1.4 RAINFALL VARIATIONS OVER SOUTH AFRICA:
A BRIEF SYNOPSIS
For many years, the question as to  whether South A fr ica  is  
drying up o r a lte rn a tiv e ly  whether ra in fa l l  is  undergoing cyc lic  
va ria tio n  has been a subject fo r  discussion. S t r ic t ly  speaking
6the term c y e lic a l should re fe r only to  o s c illa tio n s  o f constant 
amplitude and period. In  the ea rly  South A frican  lite ra tu re  
o y a lis a l has been used, ra ther loose ly , to imply the presence 
o f o s c il la to ry  patterns in  the ra in fa l l  series.
Early explorers such as Moffat (1842) and Livingstone (1857) 
reported th a t lal:es and r ive rs  were abundant in  areas th a t are now 
sem i-arid. Indeed Wilson (1865) was adamant tha t the Kalahari 
had become d r ie r ,  a statement which accords w ith  the conclusion 
reached by W allis  (1935) a fte r  analysing ra in fa l l  records fo r  
Bechuanaland. The view generally held by the public was tha t South 
A fr ica  as a whole was drying up (Agric. Jour. Union S .A fr. 1913; 
Barber, 1910). These popular b e lie fs  however were refuted by the 
find ings  o f the Union Parliament Senate Select Committee on 
Drought, R a in fa ll and Soil Erosion. In 1918 Schwartz wrote the 
f i r s t  o f a series o f papers dealing w ith  the desiccation theory.
His views and plans were la te r  c r it ic iz e d  by Cox (1925), Kanthack 
(1930), Kokot (1948) and Schumann and Thompson (1934). Hutchins 
(1888) and Tripp (1888) were the f i r s t  to  claim tha t ra in fa l l  
va ria tio n  was a y e lic a l in  nature. Hutchins was concerned w ith 
c o rre la tions  between sunspot a c t iv i ty  and r a in fa l l ,  and 
concluded th a t the 12.6 year sunspot cycle determined ra in fa l l  
patterns in  Natal and the Cape. T ripp , on the other hand, believed 
th a t cycles d id  e x is t but found no evidence to  support the view 
th a t they were re la ted to  sunspot a c t iv i ty .  N ev ill (1908) 
found evidence fo r  a period ic 18-year signal in  N ata l's  r a in fa l l ,  
w hile  Cox (1925) suggested a p e r io d ic ity , 14 years in  leng th , fo r  
Cape Town. Van Reenen (1925) examined ra in fa l l  records fo r  South 
West A fr ica  fo r  the period 1771-1925 and iso la ted  an o s c il la t io n  
w ith  a mean period o f 30 years. Peres (1930) examined the record 
fo r  Lourenco Marques (1909-1929) and suggested an o s c il la t io n  w ith  
a period length o f 20 years. This la t te r  find ing  is  questionable 
because o f  the short time series fo r  r a in fa l l .
By d iv id ing  the country in to  four c lim a tic  regions and 
considering ra in fa ll over each, separately and in  combination, 
Levinkind (1941) found th a t ra in fa l l  return periods varied from one 
part o f the country to  another. More recently , Glover e t a t (1954)
7considered the p e r ir '1’ -:’ behaviour o f ra in fa l l  in  terms o f return 
periods, w h ils t Vo. ■957) suggested a general decline in  
ra in fa l l  in  the sou Cape Province between 1881 and
1950. This fin d " .owever, was not corroborated by Brook and
Mametse (1969) whose work supported the conclusions o f Hofmeyr 
and Schulz (1963) regarding the spa tia l dependence o f ra in fa l l  
va ria tio n s .
Investiga tions o f ra in fa l l  va ria tions  in  South A frica  
culminated in  the recent analyses o f  Tyson (1971, 1972) whose 
work suggests the re a l i ty  o f an 18-20 year o s c il la t io n  and 
delineates i t s  d is t in c t iv e  regional occurrence. Further support 
fo r  the physical r e a l i ty  o f th is  p a rtic u la r ra in fa l l  o s c illa t io n  
lie s  in  the s im ila r  but inverse o s c il la t io n  in  temperature th a t has 
been observed over the country (Keen, 1971). In an analysis o f 
157 s ta tions  w ith  records extending from 1910 to 1972, Tyson e t a t 
(1975) d ispe lled  the b e lie f th a t South A fr ica  is  undergoing 
progressive desiccation. Instead i t  has been shown th a t ra in fa ll 
has ordered temporal varia tions which are s p a tia lly  dependent.
In p a r t ic u la r  they iso la ted  weak o s c illa tio n s  w ith  wavelengths o f 
16-20, 10-12 and 3-4 years, and the quasi-biennial o s c il la t io n , 
each having a sp e c ific  regional occurrence.
The la te s t  work is  tha t o f Dyer (1975 a ,b ,c ; 1976 a ,b ,c ,d ) who 
has dea lt w ith  several problems re la ted to  the s ta t is t ic a l analysis 
o f r a in fa l l  series over South A fr ic a . Much o f  h is work has arisen 
from an in te re s t in  the possible use o f stochastic models in  fo re ­
casting annual p re c ip ita tio n  to ta ls .  Dyer's most recent work is 
concerned w ith  the in te rre la tio n sh ip s  between meridional 
flu c tu a tio n s  o f the Southern hemisphere high pressure b e lt and 
p re c ip ita tio n  rece ipts over South A fr ica  (Dyer, 1976d). These 
find ings suggest tha t the two variables are s ig n if ic a n tly  
associated, and provide a means o f supplying forecasts fo r  ra in fa l l  
w ith  small standard e rrors o f the residuals.
With th is  background in mind i t  is  appropriate to  consider 
the broader app lica tions o f th is  knowledge in  the a g ricu ltu ra l 
f ie ld .  I t  is  w ith in  the framework o f the world food problem tha t
the recent research in to  ra in fa l l  behaviour patterns must now be 
viewed. In South A fr ic a , as in  the Sahel and Ind ia , extended 
periods o f  below and above average ra in fa ll are to be expected.
Future a g r ic u ltu ra l and economic development should there fo re , 
take note o f  these trends so tha t the e ffects  o f  adverse c lim a tic  
flu c tu a tio n s  can be o ffs e t, or a t least eased. year-to-year 
va ria tions  o f crop yie lds in  South A fr ica  are argely due to 
c lim a tic  fa c to rs , o f which p re c ip ita tio n  and temperature are the 
more important (W ellington, 1960). The fa c t tha t c lim a tic  factors 
l im i t  crop growth in  th is  country, as elsewhere, is  s u ff ic ie n t 
ju s t i f ic a t io n  fo r  the analysis o f  crop-weather re la tionsh ips ;n 
South A fr ica .
1.5 ASROCLIMATOLOGV Iff SOUTH AFRICA
The ava ilab le  l ite ra tu re  has shown tha t agroclim atological 
research in  the Northern hemisphere is  flo u r is h in g . Many o f  the 
w orld 's  important cereal producers are s ituated in th is  hemisphere 
as il lu s tra te d  by Table 1. Thus the maintenance o f th e ir  key 
positions in  a competitive world market is  s u ff ic ie n t incentive 
fo r  th e ir  being leaders in  the f ie ld  o f .agroclimatology.
To date l i t t l e  progress in  the f ie ld  o f agroclimatology has 
been made in  the Southern hemisphere. This is  probably due to 
the combined e ffec ts  o f the geographical iso la tio n  o f  the southern 
continents; th e ir  underdeveloped nature and th e ir  minor status in 
world a g r ic u ltu ra l trade. Excluding the work denr (1974),
Nix and F itz p a tr ic k  (1969 ) and Russell (1973) in  . a
general fe e ling  o f apathy towards agroclimatology 8% p re va il.
Nevertheless the expense involved in  providing aid to  famine- 
s tricken  areas o f  the world is  by no means in s ig n if ic a n t. An 
assistance scheme such as th a t in  current use, becomes unviable 
when there is  no longer a gra in  surplus in  developed countries.
I t  is  imperative there fo re , th a t a l l  countries should forecast 
crop expectations so tha t ea rly  warnings o f food shortages can be 
obtained. Progress in  agroclimatology in  South A fr ica  is  no 
d if fe re n t to  the res t o f the Southern hemisphere. Numerous 
popular a r t ic le s  on ag ricu ltu re  and the weather have been published. 
These papers tend to  be descriptions o f weather-crop In te rre la t io n -
TABLE V -  AGRICULTURAL STATISTICS FOR 1973 AND 1974 
SHOWING TOP WORLD CEREAL PRODUCERS (A ll 
f igu res in lOOO.'s o f tonnes).
(A fte r F u lla rd , 1976).
Maize Yields 1973 1974
World 310391 292990
U.S.A. 143435 118144
China 30384 31085
B raz il 14059 16065
U.S.S.R. 14216 12142
South A frica 4160 11035
Argentina 9700 9900
Wheat Yields 1973 1974
World 377272 3 0231
U.S.S.R. 109784 83800
U.S.A. 46408 48807
China 36002 37002
India 24735 22073
France 17792 18906
Canada 16459 14221
A ustra lia 12094 11200
Rice Yields 1973 1974
World 324468 323201
111954 115275
65613 61500
Indonesia 21900 22800
Bangaladesh 19356 17222
Japan 15717 15902
Thailand 14898 13175
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ships or advice to  farmers cm how to  overcome c lim a tic  hazards; 
fo r  example 8aier'*(1962): Make b e tte r use o f  r a in fa l l  or 
De Jager (1971): to  beat the weather. Other a r t ic le s  in  a
s im ila r  vein include those o f de Bruyn (1970), Fabricius (1971 a ,b ); 
H ay le tt (1968); Moll (1969); Tidmarsh (1968); Tredoux (1962) and 
Whitmore (1948).
Several attempts a t assessing the agroclim atological po ten tia l 
o f  South A fr ica  have been ir 'e. For instance, Nuttonson (1961) 
based h i;  study o f w in te r ra in fa l l  areas on o f f ic ia l  records and 
the rsports o f government agencies; Whitmore (1950) discussed 
agrometeorological problems o f farming in  the Orange Free State 
in  re la tio n  to  seasonal fluc tua tions  o f temperature and r a in fa l l ,  
optimal c lim a tic  conditions fo r  d if fe re n t crops and f in a l ly ,  to 
land use. At present the Department o f  A gricu ltu re  is  running a 
research p ro jec t dealing w ith  agroclim atic evaluation in  the 
Republic o f  South A fr ica  (Buys, 1973). Several workers have 
adopted a more ob jective  approach to  c lim a tic  data and crop records; 
such as Baier*(1963) C rafford and Nott (1970, 1971); de Jager 
(1974); de Jager and M a lle tt (1972); Garlipp (1976); J a r re tt e t a l 
(1966); M a lle tt (1972)i Myburgh (1971) and van Jaarsveld (1973).
Garlipp (1976) studied annual maize y ie ld s  recorded a t Potchef- 
stroom from 1953-54 to  1966-67 in  re la tio n  to  ra in fa ll over 
d if fe re n t parts o f the growing season, and thereby iso la ted tha t 
p a rt o f the growing season most sens itive  to  r a in fa l l .
Unfortunately his misuse o f simple lin e a r regression in  the analysis 
detracts from the r e l ia b i l i t y  o f the fin d in g s . M a lle tt (1973) 
described a mathematical model fo r  maize y ie ld  p redictions using 
d a ily  c lim a tic  data, espec ia lly  those o f s o il moisture, atmospheric 
evaporation and ra in fa l l  in  conjunction w ith  so il composition.
Such an approach would be o f lim ite d  value however, fo r  broad 
scale analyses since these c lim a tic  data (excluding r a in fa l l)  are 
not re ad ily  ava ilab le  or commonly recorded.
A s tr ik in g  c h a ra c te ris tic  o f the loca l s c ie n t i f ic  l ite ra tu re  
in  agroclimatology is  tha t the analyses are re s tr ic te d  to  the 
micro- and mesoscales. This commonly takes the form o f working 
Baier* -  d if fe re n t to  previous author.
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in  small areas under selected f ie ld  conditions; using de ta iled 
c lim a tic  data, such as d a ily  values and where possib le , crop 
phenological data. This has obvious disadvantages fo r  the large 
scale monitoring o f crop y ie ld s ,
There are two d is t in c t  approaches to  the computer sim ulation o f 
a g r ic u ltu ra l production systems; tha t o f the de te rm in is tic  type 
and th a t o f the stochastic type o f modelling (Newman, 1974). The 
d e te rm in is tic  approach is  basoJ on mathematically formulated 
re la tionsh ips w ith  em pirical constants when necessary (see M a lle tt, 
1973). This type o f  model is  more applicable to  a sp e c ific  
production system and usually requires meteorological data taken 
over short periods. The stochastic approach depends on f i t t in g  
s ta t is t ic a l ly  the best possible empirical re la tionsh ips and is  more 
adaptable to re la tin g  c lim ato log ica l data to  a g ricu ltu ra l 
production in  a geographical region. I t  is  the la t te r  approach 
tha t is  more appropriate for the present study and w i l l  be used in 
th is  d isse rta tion .
In agroclim atological studies tha t focu: on the possible 
p red ic tion  o f  crop y ie ld s , i t  is  usual to  concentrate on the major 
s tap le  crop fo r  the region under study.- The c lim a t ic  parameters 
included in  the s ta t is t ic a l model are most commonly, p re c ip ita tio n , 
temperature, incoming so la r rad ia tion  and I f  possible, evaporation 
(Smith, 1976).
In th is  d isse rta tion  maize, being the major cereal crop 
produced in  South A fr ic a , is  the object o f a tte n tio n . I t  is 
grown on a large scale in  an area known lo c a lly  as the maize 
quadrangle, o f which the Orange Free State forms a substantia l 
part (F ig . 1). In view o f the importance o f maize to  South A frican 
ag ricu ltu re  and the im p lica tions o f the aforementioned ra in fa ll 
va ria tio n s , i t  would be valuable to examine s tru c tu ra l re la t io n ­
ships between maize and clim ate in  South A frica .
The Orange Free State in  being representative o f the maize- 
producing b lock, provides a framework fo r  such an analysis.
Annual maize y ie ld s  fo r  the period 1949-50 to  1964-65 w i l l  be
r ~ l  SECOND ARYAREAS
F ig . 1 - Map o f Southern A frica  showing the maize Quadrangle 
o f South A fr ic a , o f which the Orange Free State 
forms a substantia l part.
analysed fo r  38 m agisteria l d is t r ic ts .  The c lim a tic  data to  be 
examined are monthly ra in fa l l  and temperature values fo r  the same 
in te rva l (1950-1965). This 16-year in te rva l has been chosen 
s ince, a f te r  1965, the maize y ie ld  records are incomplete. I t  
was considered b e tte r to  work w ith  an homogeneous series o f 
shorter length r& ther than one which included in te rp o la tio n s .
Various s ta t is t ic a l techniques w i l l  be employed fo r  the 
analysis o f  c ro p -c lir - te  re la tionsh ips . In the f i r s t  instance, 
p rinc ipa l component /. ly s is  and subsequent vector ro ta tio n  w il l  
be used to  form hotrrogei poize crowing regions. This serves 
to reduce the complexity ' ' f  the o rig in a l data set and the number 
o f variab les lo be analysed. The use o f p rinc ipa l component 
analysis has not h ith e rto  been used in  agroclimatology, although 
i t s  use in  clim atology is  wiuespread (Colgate, 1975; Craddock 
and Flood., 1969; Dyer,!975c; Hannes, 1976; Kidson, 19755 
Kutzbach, 1967; Trenberth, 1975). This p a rtic u la r  app lica tion  o f 
the technique in  the formation o f maize growing regions is  o rig in a l 
and o ffe rs  numerous p o s s ib il it ie s  fo r  other types o f a g ricu ltu ra l
By f i t t i n g  a two-way fixed  e ffec ts  lin e a r model to  the data 
w ith in  each region i t  w i l l  be possible to  determine s ing le  regional 
time series . These s ing le  time series w i l l  then be submitted to 
stepwise m u ltip le  regression fo r  the analysis o f s tru c tu ra l maize 
y ie ld -c lim a te  re la tionsh ips . F in a lly  the fe a s ib i l i ty  o f using the 
regression models to  fo recast maize y ie ld s  as early as possible in  
the season w i l l  be explored.
In the present analysis the use o f a shorter record (1949-50- 
1964-65) o ffe rs  an advantage tha t should not be overlooked. I t  has 
been shown th a t South A frican ra in fa l l  se ries, 60 years in  length, 
have associated v a r ia b i l i ty  due to o s c illa to ry  behaviour patterns. 
The r e l ia b i l i t y  o f using these longer but unstable series in  a crop 
forecasting model is  d o u b tfu l. I t  would be preferable to  use short 
series , th e ir  complexities being less than longer ones, and hence 
would be more appropriate fo r  any forecasting equations th a t may be 
developed.
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There are two main facto rs  which contribute to the current 
world food c r is is .  F ir s t ly ,  the expanding world population which 
is  ra p id ly  reaching i t s  l im i t  fo r  the availab le food supply, 
secondly, c lim a tic  va ria tio n s , both short term fluc tua tions  and 
long term trends which tend to  d is loca te  the precarious balance 
e x is tin g  between the supply and demand fo r  fooc. The s itu a tio n  
can only de te rio ra te  as ag ricu ltu re  in  the marginal regions 
in te n s if ie s , since i t  is  these'areas tha t are most sensitive 
to  the vagarie j f  c lim ate. The need fo r  weather forecasting 
so th a t crop expectations and hence food shortages can be predicted, 
has been stressed.
In South A frica , ra in fa l l  and to  a lesser extent temperature 
l im i t  crop production. R a in fa ll patterns however, are not stable 
and e x h ib it  o s c illa t io n s  tha t are s p a tia lly  dependent in  th e ir  
occurrence. Hence agricuH ure l planning should not be based 
on long term means, but should a n tic ipa te  extended periods o f 
above and below average ra in fa l l  in  the fu tu re .
The present s ta te  o f agroclim atological research in  South 
A fr ica  has been examined and a change o f  emphasis from micro- 
and mesoscale studies to  broad scale analyses has been advocated.
The object o f th is  d isse rta tio n  Is to  examine structu ra l 
re la tionsh ips  between maize y ie ld s  and clim ate in  the Orange 
Free S tate. O rig ina l applications o f sophisticated s ta t is t ic a l 
techniques w i l l  prove useful in  analysing the crop and climate 
data. F in a lly  the fe a s ib i l i t y  o f p red ic ting  maize y ie ld s  using 
stochastic models w i l l  be explored.
CHAPTER 2
THE THEORETICAL ASPECTS OF THE ANALYSES
2.1 INTRODUCTION
Information on the acqui on and selection o f maize 
y ie ld  data and c lim a tic  data is  oiven. The s ta t is t ic a l 
techniques used in  the subsequent analyses o f the crop and 
c lim a tic  data are not dea lt w ith  in much d e ta il,  but s u ff ic ie n t 
is  supplied to  prevent ambiguities a r is in g  in  the discussion o f 
the re su lts . The techniques used are p rinc ipa l component 
ana lysis, stepwise m u ltip le  l in e a r regression and spectral 
analysis using the maximum entropy method.
SECTION I :  THE DATA
2.2 MAIZE DATA
Figures fo r  maize production (200 lb .  bags) and area planted 
(morgen) were obtained fo r  38 m agisteria l d is t r ic ts  from the 
a g ricu ltu ra l censuses fo r  the period 1950 to  1965 inc lus ive .
The length o f series to be analysed may seem rather short but 
the data ava ilab le  prevented an extension o f the time in te rv a l. 
Records a fte r  1965 were incomplete and i t  was decided th a t in te r ­
polation o f the missing values in  the series was undesirable,
1n what is  intended to  be an exploratory exercise. In considering 
data p r io r  to  1950 i t  was evident th a t fewer m agisterial 
d is t r ic ts  could provide the necessary maize figu res . Therefore 
ra ther than lose spa tia lcoverage by using data before 1950, 
and not wishing to  in te rpo la te  gaps in  the maize y ie ld  series 
a fte r  1965, i t  was decided to  l im i t  the analysis to  the period
1950-196L inclusive.
The maize production and acreage figures were converted to  
y ie ld s  (200 lb . bags/morgen), providing a (16 x 38) input data 
m atrix. This maize y ie ld  m atrix w i l l  be subjected to  p rinc ipa l 
component analysis fo r  the purpose o f reducing the number o f 
variab les to  be analysed and in  order tha t uncorrelated homo­
geneous maize growing regions w i l l  be formed. - t  is  fo r  these 
maize regions th a t r a in fa l l  and temperature data were sought.
2.3  RAINFALL DATA
I t  is  appropriate to  use ra in fa l l  records as published in  
Part 10 o f  Climate o f South A fr 'ca  (Weather Bureau,1972), 
because government establishments and commercial concerns make 
common use o f  o f f i c ia l l y  defined regions. The records provide 
monthly mean ra in fa l l  series over re la t iv e ly  small areas fo r  the 
period 1950-1965 inc lus ive . Further d e ta ils  re la tin g  to  the 
se lection o f  ra in fa l l  series fo r  each maize region w i l l  be given 
la te r ,  once these maize regions have been defined.
2.4 TEMPERATURE DATA
A lim ite d  number o f temperature recording s ta tions provide 
continuous records fo r  the period 1950-1965. Since temperature 
is  a conservative element over large areas (W illiams a t a l,  1975) 
p a r t ic u la r ly  when the topography shows l i t t l e  r e l ie f ,  i t  was 
decided th a t a s ing le temperature s ta tion  fo r  each maize region 
would be s u ff ic ie n t ly  representative. Mean monthly values o f 
temperature were extracted from the annual reports published by 
the Weather Bureau (Weather Bureau, 1949-1965). Complications 
ardse in  the se lection  o f temperature data due to  the fa c t th a t 
both 08h00 and 14h00 recording times were ava ilab le . As w ith  
ra in fa l l  data, d e ta ils  o f the procedure adopted fo r  choosing the 
best series w i l l  be furnished once the maize regions have been 
defined.
In the case o f both ra in fa l l  and temperature, the seasonal
year (Ju ly  to June) is  used since th is  is  relevant to  plant 
growth and hence to  maize production. These monthly values o f 
ra in fa l l  and temperature cons titu te  the set o f independent 
variables in  m u ltip le  regression models where annual y ie ld s  are 
the dependent variab les. This exercise is  carried out fo r  each 
maize region.
SECTION I I :  ANALYTICAL TECHNIQUES
2 .5  PRINCIPAL COMPONENT ANALYSIS
Principa l component analysis is  a mathematical technique 
fo r  the rear"angement o f the variance in  a data m atrix and i t s  
representation by a new set o f orthogonal variables ca lled 
p rinc ipa l components. The broad objectives o f p rinc ipa l 
component analysis in  the f ie ld  o f meteorology are:
(a) to  reduce the d im ensionality o f the problem 
by replacing the measured and in te rco rre la ted
' variables by a smaller number o f  uncorre lited 
(orthogonal) variables and
(b) to in te rp re t these uncorrelated variables in 
terms o f recognizable physical processes 
(Craddock, 1973).
In recent years p rinc ipa l component analysis has proved to  
be a useful technique in  c lim ato log ica l inves tiga tions . The 
foundations were la id  by the work o f Lorenz (1956), Bagrov 
(1959) and Gilman (1957). Sincc then s ig n if ic a n t advances have 
been made by studies dealing w ith  the broader c lim ato log ica l 
aspects o f the technique (Colgate, 1975; Craddock, 1965;
Craddock and F l in to f f , 1970; Craddock and Flood, 1969;
Grimmer, 1963; Jakovleva e t a l t 1968; Kidson, 1975; Kutzbach, 
1967, 1970; Rinne, 1971; S tidd , 1967 and Wallace and 
Dickenson, 1972). The m ajo rity  o f the abovementioned references 
deal w ith  the analysis o f pressure and temperature f ie ld s ,  often 
w ith  the aim o f long range fo recasting. An exce llen t review o f 
such work has been given by Craddock (1973).
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In th is  d isse rta tio n  p rinc ipa l component analysis w i l l  be 
used in  a qu ite  d if fe re n t app lica tion  and as recommended by Dyer 
(1975c). The technique w i l l  be used to  form uncorrelated 
homogeneous maize growing regions thereby reducing the dimensions 
o f  the o rig in a l (16 x 38) data m atrix , and hence the number o f 
variab les to  be analysed is  decreased.
2.5.1 General Properties o f P rincipa l Component Analysis
P rinc ipa l components, a lso referred to  in  the lite ra tu re  
as eigenvectors or empirical orthogonal func tions , have a 
number o f  important p roperties:
(a) they are uncorrelated lin e a r functions o f  the 
o rig in a l variab les th a t is ,
P
Xi  = ^ ^ i j  xj  '  1 = 1 ' P (2.1)
j - 1
where X is  a new set o f uncorrelated variab les ; p is  
the number o f  variables x and 1 ^  are the eigenvector 
or p rinc ipa l component constants and are estimated 
from the data. In p a rt ic u la r  i f  the o r ig in a l variables 
are normally d is tr ib u te d , the new eigenvectors are not 
only uncorrelated but independent (Kendall, 1975).
(b) the f i r s t  p rin c ip a l component is  th a t l in e a r combination 
o f the o r ig in a l variables which extracts the la rgest 
possible proportion o f the variance a ttr ib u ta b le  to 
these variab les. The second eigenvector has the 
la rges t quota o f  the remaining variance, subject to 
being uncorrelated w ith  the f i r s t  eigenvector and so on 
(Kendall and S tua rt, 1966).
(c) they are derived as the eigenvectors o f e ith e r the 
covariance or co rre la tio n  m atrix (C a tte ll,  1965). When 
the former is  used, the patterns tha t emerge re f le c t  
the absolute departures and thereby h ig h lig h t small
scale features present in  the data set. On the other 
hand data used in  the corre la tion  m atrix are expressed 
as standardized anomalies ( th a t is ,  covariance divided 
by the standard d e v ia tio n ), which tend- to  emphasize 
re la t iv e  varia tions  and thus broader scale patterns.
The co n tribu tion  o f  any comporent to  the to ta l 
variance o f  the data f ie ld  is  given by the corresponding 
eigenvalue, and provides a convenient measure o f i t s  
re la t iv e  importance. The c u to ff value fo r  eigenvalues 
con tribu ting  a s ig n if ic a n t reduction in  the to ta l 
variance is  frequently  taken as un ity  (Kaiser, 1961; 
J o l l i f f e ,  1972). Nevertheless the choice is  somewhat 
a rb it ra ry ,  and in  p ractice  one chooses the c r ite r io n  tha t 
best su its  the analysis (Ratkowsky and M artin , 1974).
(d) they are not o f a predetermined form as w ith  spherical 
harmonics fo r  example (kupper, 1972), but ra ther the 
pattern developed is  a unique function  o f the data 
sample to  which they apply (M itche ll e t a l,  1966).
2 .5.2 P rinc ipa l Component Analysis on Maize Yields
There are several modes o f  analysis ava ilab le  as shown 
in  Table 2.
2 -  VARIOUS MODES OF PRINCIPAL COMPONENT ANALYSIS
Variable (column) Observations (rows)
charac te ris tics e n tit ie s
Q e n tit ie s cha rac te ris tics
0 occasions charac te ris tics
p ch a rac te ris tics occasions
T occasions e n tit ie s
5 e n tit ie s occasions.
In th is  d isse rta tio n  S mode is  used: m agisteria l d is t r ic ts
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represent the variab les (e n t i t ie s ) ,  years the observations 
(occasions), and the elements o f the data m atrix  are annual 
maize y ie ld s  (Rummel, 1970).
I t  is  not uncommon fo r  the eigenvectors from the d ire c t 
analysis to  present a somewhat confusing p ic tu re . This is  
because some o f the loadings, th a t is  the co rre la tions  
between the o rig in a l variab les and the new eigenvectors, are 
such tha t th e ir  in te rp re ta tio n  is  ambiguous. What is  
needed is  fo r  the eigenvectors to  be brought in to  some so rt 
o f  accordance w ith  the o r ig in a l variab les ; fo r  example, 
by maximizing or reducing to  zero as many o f the loadings 
as possible (C h ild , 1970). Furthermore, since the facto rs  
are uncorrelated, I t  is  desirab le  tha t a p a r t ic u la r  variab le  
is  not heavily loaded on more than one component (Kendall,
1975). The mathematical procedure fo r  doing th is  is  the 
ro ta tio n  o f  the eigenvector m atrix.
The technique o f  ro ta tio n  was re a lly  designed fo r  
fa c to r ana lys is ; i t s  ju s t i f ic a t io n  in  p rin c ip a l component 
analysis is  th a t i t  o ften obliges by removing unwanted 
confusion, the type o f  which has been mentioned e a r lie r .
In ro ta tin g  the eigenvector m atrix , we f in d  the orthogonal 
l in e a r transformations to  a number o f new fac to rs  which 
represent the beat f i t  re la tio n sh ip  between a c lus te r o f 
variab les.
Rotation o f the eigenvectors has been performed using 
the varimax method o f  Kaiser (1958). The IBM S c ie n tif ic  
Subroutine VARMX has been used fo r  th is  operation. The 
eigenvectors are rotated in  such a way as to  maximize 
the sum o f the variances o f the squared loadings w ith in  
each column o f  the rotated loading m atrix. The genera) 
e ffe c t is  to  produce la rge .o r small loadings and to  avoid 
intermediate values. This serves to  remove ambiguities 
from the eigenvector m atrix.
The p rinc ipa l component analysis was there fo re , u se fu lly  
employed in  reducing the complexity o f the o rig in a l (16 x 38)
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maize y ie ld  m atrix . Rotation o f the eigenvector m atrix 
brought about fu r th e r c la r i f ic a t io n  o f maize growing d is t r ic ts .  
By p lo tt in g  the fa c to r loading o f most importance to  each 
m agisteria l d is t r ic t ,  d e lim ita tio n  o f an area was made 
possible. Using th is  method uncorrelated homogeneous 
maize growing regions were defined.
2.6 THE COMPONENTS OF ANNUAL MAIZE YIELDS
A two-way fixed  unreplicated lin e a r model has been f i t t e d  to 
sets o f homogeneous time series fo r  groups o f d is t r ic ts ,  as defined 
by the p rinc ipa l component analysis. Thus fo r  each maize growing 
region, the input m atrix consisted o f s columns, where s is  the 
number o f d is t r ic ts  in  tha t region; and n rows, where n is  
the number o f  years in  the series.
This technique makes i t  possible to  investiga te  the behaviour 
o f  the three components o f which annual y ie ld s  are assumed to 
cons is t. The model can be defined as
x .jj = v + a i  + B j + e . j j ? 1 = 1 ,.., n ; s ( 2 . 2 )
where is  the annual maize y ie ld  fo r  the i - t h  year and the
j - t h  d is t r ic t ;  u is  the ove ra ll mean annual y ie ld  fo r  a region 
containing a set o f s d is t r ic ts  w ith  records o f annual y ie lds
fo r  a period o f n years; ct^  is  the i - t h  leve l o f the regional
temporal e ffe c t series (A );6  j  is  the j - t h  leve l o f the regional 
temporal spa tia l e ffe c t (B) and is  the micro o r residual e ffe c t, 
defined as the N (0 ,a 2 ) e rro r v a r ia b '? The in te ra c tio n  g j ,
between the main e ffe c ts  A and B is  assumed to  be zero ( A f i f i  and 
Azen, 1972).
2.7 MULTIPLE LINEAR REGRESSION
M u ltip le  l in e a r regression provides a measure o f the in te r ­
re la tio n sh ip  between a set o f  independent (p re d ic to r) variables 
and the dependent variab le  (p red ic tand). There are 2 types o f 
re la tionsh ip  between independent and dependent variab les:
dete rm in is tic  and s tru c tu ra l. The la t te r  w i l l  be used because 
the former in fe rs  a perfect re la tio n sh ip  which does not apply to 
the data being analysed. A s tru c tu ra l re la tio n sh ip  accommodates 
th is  lack o f perfection by includ ing what is  commonly referred to 
as an e rro r term.
The technic,ue o f m u ltip le  lin e a r regression is  there fo re , 
based on a s tru c tu ra l re la tio n sh ip  between some dependent 
variab le  and a number o f x ^ 's  the independent variab les, tha t is :
P
Yi = %  + 1 “ k xik  *  ei  1 n
J--1
where p is  the number o f independent variables in  the regression, 
the a's are the weights o r regression c o e ffic ie n ts  to  be deter­
mined and e,. is  the i - t h  residual on Yi  . These c o e ffic ie n ts  
are determined by le a s t squares. In the present analysis the 
dependent variab le  is  annual maize y ie ld  and the independent 
variables include monthly values o f ra in fa l l  and temperature, 
and a tern fo r  ordered temporal va ria tio n s . Using th is  technique 
the in te rna l dependence s truc tu re  between y ie ld ,  r a in fa l l ,  temp­
erature and time w il l  be investigated.
Conventional m u ltip le  regression p u lls  in to  the regression 
the f u l l  set o f  p re d ic to r variab les made ava ilab le . Some o f these 
variables may however, be redundant causing the regression to  be 
in e f f ic ie n t .  Consequently there are a number o f procedures fo r 
se lecting the beat regression function . Stepwise regression is 
one such procedure. As new variab les are incorporated in to  the 
regression model those variab les included a t e a r lie r  stages are 
re-examined. A variab le  which may ha' e been the best single 
p red ic to r to  enter a t an ea rly  step may la te r  become superfluous 
due to  the re la tio n sh ip  between i t  and other variables now in  the 
regression (S m illie , 1966).
The order o f stepwise in se rtio n  o f variables in to  the 
regression equation is  determined by th e ir  p a r t ia l co rre la tion
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c o e ff ic ie n ts , which take as given those variables already in  the 
model. The squares o f the p a r t ia l c o rre la tio n  c o e ffic ie n ts  give  
the proportion o f the va ria tio n  in  Y unaccounted fo r  by those 
variables already in  the regression. Hence the va ria tio n  in tro ­
duced next in to  the regression function  is  th a t one which 
accounts fo r  the la rges t proportion o f  the remaining variance 
(Draper and Smith, 1966).
The exact sequence o f inc lus ion  o r de le tion  o f  a variab le  is  
therefore:
(1) i f  the variance con tribu tion  o f the variab le  in  the 
regression is  in s ig n if ic a n t a t a specified leve l o f 
s ig n ifica n ce , th is  variab le  is  removed from the model.
I f  no variab le  is  to  be removed then the a lte rn a tiv e  is
( i i )  i f  the variance reduction obtained by adding a variab le  
to  the regression is  s ig n if ic a n t a t a specified leve l o f 
s ign ificance , th is  variab le  enters the regression. This 
process is  continued u n t i l  no more variables are admitted 
to  the model and no more re jected.
S tra igh t forward m u ltip le  regression was f i r s t  used in  agro- 
c lim ato log ica l studies by R.A. Fisher in  his c lass ic  study o f the 
influence o f ra in fa l l  oi. wheat y ie ld s  a t  Rothamsted (F isher, 1924). 
Since then regression techniques have been w idely used in  crop 
forecasting models as has been shown e a r lie r .  Few research 
workers have used the stepwise approach in  try in g  to  f in d  the 
optimal y ie ld  pred ic to rs . Unfortunately where the technique has 
been employed the descrip tion  o f the methodology is  unclear and 
generally confusing, fo r  example Baler (1973 a,b) and Williams 
a l  (1975).
In the present d isse rta tio n  stepwise regression is  used to 
examine s truc tu ra l re la tionsh ips  between maize y ie ld s  and climate 
in  the prange Free State. The technique produces an economical 
subset o f  r a in fa ll and temperature values and time, as the set o f 
p red ic to r variab les, based on th e ir  combined e ffec ts  on the
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predictand, annual maize y ie ld s .
2.8 THE EXAMINATION OF RESIDUALS FROM THE REGRESSION
The residuals from the regression are defined as the n 
d iffe rences,
-  i i=  1 , . . ,  n (2.4)
where is  an observation and Yi is  the corresponding
predicted value obtained using a f i t t e d  regression equation.
From th is  d e fin it io n  we can see tha t the residuals e i  are the 
d iffe rences between what is  a c tu a lly  observed and what is  predicted 
by the regression equation; th a t is ,  th a t amount o f the variance 
which the regression equation has not been able to  explain 
(Draper and Smith, 1966). Thus the e.^ can be thought o f as 
the observed errors i f  the model is  correc t.
These residuals from the regressions w i l l  be analysed using 
the maximum entropy method devised by Burg (1968, 1970, 1972).
The technique involves the maximization o f  the energy content 
o f  a time series y ie ld in g  the equation fo r  a power spectrum,
P (f) = ------------------------------------------
H I 2 (2.5)
1 + I  Yk exp (-i2 jrfkA )
k=l I
where 6 is  the sampling in te rv a l,  f  is  the frequency. P the 
power or spectral dens ity ; is  the mean output power o f the 
series a fte r  whitening by a f i l t e r  o f length N and Y|< the 
k-th  c o e ff ic ie n t o f  the N -  po in t p red ic tion  e rro r  f i l t e r  
(Ulrych et- a l ,  1973; Smylie @t o i,  1973).
The structu re  o f Eg.(2 .5) elim inates reso lu tion  constra in ts  in 
short series because the frequency response o f a d ig ita l f i l t e r  
can be computed fo r  a rb itra ry  values o f  frequency (C urrie , 1973
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a,b ; 1974 a ,b ,c ) . The maximum entropy method also provides an 
Unbiased estimate o f  spectrum shape because no fixe d  smoothing 
windows are applied (Lacoss, 1971; C urrie , 1974 a ). F in a lly  
in  contrast to  an unsmoothed fa s t Fourier transform spectrum, 
maximum entropy spectra are smoother and more stab le.
L im ita tions o f the maximum entropy method are th a t i t  is 
computationally expensive compared to  a fa s t Fourier transform, 
and tha t no ob jective  c r ite r io n  is  availab le fo r  trunca tion  o f 
f i l t e r  length N (C urrie , 1974 c ) . However, the same weakness 
is  also true o f conventional spectral techniques (Jenkins and 
Watts, 1968). In a d d itio n , p ractice  shows tha t amplitude 
estimates tend to  be biased (C urrie , 1974 c ).
The purpose o f examining the residuals is  to  investiga te  
th a t fra c tio n  o f the variance in  maize y ie ld s  th a t has not been 
accounted fo r  by regressions. The spectra produced from the 
analysis w i l l  ind ica te  the presence or absence o f any o s c illa to ry  
patterns present in  the y ie ld  series . For p ra c tica l purposes, 
a trigonom etric term would need to  be included in to  the regression 
model, should such o s c il la to ry  patterns be present and s ig n if ic a n t.
The techniques ou tlined  above provide an ob jective  and a 
fresh approach to  the analysis o f maize y ie ld s  in  the Orange Free 
S tate, when records o f annual to ta ls  fo r  38 m agisteria l d is t r ic ts  
are considered as a set o f time series. Furthermore the applica­
b i l i t y  o f the techniques is  not s p a tia lly  re s tr ic te d , and should 
prove o f value over other areas o f the ea rth 's  surface; nor 
is  th e ir  s u i ta b i l i t y  lim ite d  to  the analysis o f maize y ie ld s , but 
a lso  many .jpes o f a g ricu ltu ra l data would respond well to 
these techniques. The resu lts  o f the analyses o f maize y ie ld s  
and climate are next presented.
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CHAPTER 3 
THE FORMATION OF HOMOGENEOUS MAIZE REGIONS
3.1 INTRODUCTION
P rinc ipa l component analysis has been used to  replace the 
ind iv idua l maize y ie ld  series w ith  a new set o f uncorrelated 
variab les , which account fo r  most o f  the variance in  the o rig in a l 
y ie ld  data. I t  provides an ob jective  method fo r  de lim iting  
maize growing regions w ith in  the Orange Free S tate, and has the 
added advantage o f reducing the number o f variab les to be analysed. 
Vector ro ta tio n  brought about fu r th e r c la r i f ic a t io n  o f the newly 
derived orthogonal variab les.
By f i t t i n g  lin e a r two-way unreplicated models to the resu lts  
obtained from the p rinc ipa l component ana lys is , these maize regions 
could be represented by single uncorrelated time series. These 
models are e ffe c tiv e  in  decomposing the ind iv idua l series in to  
three e ffe c ts , namely, a regional temporal e ffe c t ,  a regional 
spa tia l e ffe c t and a residual or m ic ro -e ffe c t. Subsequent 
analyses were carried out on the regional temporal a ffe c t fo r  
each maize growing region.
3.2 PRINCIPAL COMPONENT ANALYSIS
A p rinc ipa l component analysis has been carried out using 
the co rre la tion  m atrix on the maize y ie ld  series o f the; 38 
m agisteria l d is t r ic ts ;  the input m atrix over the period 1950-1965 
was thus o f  dimension {16 x 38). The c r ite r io n  frequently used 
fo r  the truncation o f eigenvectors is  th a t o f  Kaiser (1951) which 
re jects  eigenvalues less than u n ity  as a cu toff., Using th is
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c r ite r io n  we f in d  th a t the f i r s t  8 eigenvalues account fo r  93.25 
per cent o f the to ta l variance in  maize y ie ld s  (Table 3 .1 ). 
Kendall (1975) advises s trong ly  against employing rule-of-thumb 
methods fo r  c u to ff values. Rather an in tu it iv e  value should be 
taken a f te r  investiga ting  a number o f possible values.
TABLE 3.1 VARIANCE EXTRACTED BY EACH OF THE FIRST 8 EIGENVALUES 
TOGETHER WITH THE ASSOCIATED CUMULATIVE PERCENTAGE 
OF THE TOTAL VARIATION IN MAIZE YIELDS.
Eigenvalue
number
Variance
extracted
Cumulative percentage 
o f to ta l variance
1 17.70 46.57
2 7.09 65.24
3 2.94 72.97
4 2.22 78.81
5 1.92 83.85
6 1.36 87.43
7 1.20 90.59
8 1.01 93.25
Since the ob ject o f th is  exercise is  to  form homogeneous 
and uncorrelated maize growing regions, i t  seems f i t  to  explore 
the various possible groupings, before deciding on the truncation 
poin t fo r  eigenvalues. Thus i t  would be useful to  be able to 
depict spa tia l patterns in  maize y ie ld s  th a t may occur in  the 
Orange Free State. The easiest way o f doing th is  is  to  map the 
c o e ffic ie n ts  or loadings o f the eigenvectors fo r  each d is t r ic t .
This w i l l  show the level o f co rre la tio n  between each d is t r ic t 's  
maize y ie ld s  and the newly determined orthogonal variab les. Using 
the Burt-Banks formula (C h ild , 1970), loadings greater than 0.50 are 
s ig n ific a n t.
The contour f ie ld  o f  the f i r s t  eigenvector shows l i t t l e  r e l ie f  
over most o f the province w ith  loadings decreasing towards the 
south and east (F ig . 3.1 upper). In is  pattern is  s im ila r to  tha t
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F ig .3.1 - Contours o f the f i r s t  eigenvector show l i t t l e  
r e l ie f  over most o f the Orange Free State 3#%  
(upper); but fo r  areas in  the southwest, th is  
component shows s ig n if ic a n t association w ith  
maize records over most o f  the province 0 9  
(lower).
found in  the contour pattern o f  mean y ie ld s  in  the Orange Free 
State (Fig. 3 .2 ), a re la tio n sh ip  suggested before by Craddock and 
Flood (1969). The f i r s t  eigenvector re la tes to  mean y ie ld s  which 
are s ig n if ic a n t ly  common to the northern and centra l parts o f the 
province (F ig . 3.1 low er). The northeastern h a lf o f the Orange 
Free State is  p o s itiv e ly  correlated w ith  the second eigenvector; 
negative co rre la tio n  occurs in  the southwest (F ig . 3.3 upper).
Areas w ith  s ig n if ic a n t loadings on th is  component are shown in  
Fig. 3,3 lower. The th ird  p rin c ip a l component shows spa tia l 
compensation, s im ila r in  extent to  tha t o f the.second eigenvector, 
between areas o f p o s itive  association in  the northern and southern 
regions, and areas o f negative association in  the east and west 
(F ig . 3.4 upper). On a broadscale th is  pattern is  s im ila r  to  tha t 
o f the overa ll variance f ie ld ;  zones o f greater dev ia tion  in the 
north and south being separated by an east-west co rrid o r o f lesser 
variance (F ig . 3 .2 ). Areas border :ig  Lesotho and southern d is t r ic ts  
show a p a rtic u la r a f f in i t y  fo r  the th ird  eigenvector (F ig . 3.4 lower). 
The pattern o f the fo u rth  p rinc ipa l component exh ib its  more 
loca lized features than lower order eigenvectors (F ig . 3.5 upper), 
yet s ig n if ic a n t peaks and troughs are s t i l l  present (F ig . 3 .5 . lower).
Eigenvectors above the fo u rth  revealed more lo ca lize d , random 
patterns ra ther than depicting regional ones. The purpose o f the 
princ ipa l component analysis was to  remove redundancies from the 
data m atrix, thereby reducing the number o f variab les to  be analysed, 
and to  form groups o f  d is t r ic ts  based on th e ir  s im ila r behaviour 
patterns. Hence i t  is  c lear tha t loca lized  features must be 
w.oided. The provis ional eigenvalue c u to ff o f 1.0 th a t was used 
e a r lie r ,  is  thus no longer appropriate; the number o f  eigenvectors 
to  be used w i l l  be lim ite d  to  4, accounting fo r  78.8 per cent o f 
the to ta l va ria tio n  in  maize y ie ld s .
The above figures have proved helpfu l in  analysing maize 
y ie ld s . However, because the loadings are not always c le a rly  
defined, tha t is  e ith e r high or low, i t  was f e l t  th a t eigenvector 
ro ta tion  might fu rth e r c la r i f y  the d e lim ita tio n .
’0
Isolines/M ean yields
Isolines/Standard 
deviations o f yields
F ig .3.2 -  Contour patterns where iso lines  are mean y ie ld s  
(upper) and variance y ie ld s  (lower) o f the 
Orange Free State. Areas o f  strong association 
reveal the broad s im ila r it ie s  to  the f i r s t  
and th ird  eigenvectors respective ly .
F ig .3.3 - The northeastern d is t r ic ts  &.e p o s itiv e ly  correlated 
w ith the second p rinc ipa l component ,
but negatively corre la ted in  the southwest 
(upper). A s ig n if ic a n t ridge o f high loadings 
occurs in  the northeast M # #  and troughs are 
found in  the southeast and southwest (low er).
F ig ,3.4 -  On the th ird  p rinc ipa l component, zones o f 
pos itive  association in  the north and south 
are compensated fo r  by areas o f poor co rre la tion  
in  the east and west ^ 3  (upper). S ig n ifica n t 
coe ffic ie n ts  are found bordering Lesotho '/ / / /A  
and in  the south # # #  (low er).
The pattern exhibited by the fou rth  component 
between areas o f  p o s itive  and negative
association E225 is  f a i r ly  loca lized  (upper). 
S ig n ifica n t troughs V /// and peaks 'WMb. 
however are s t i l l  found (low er).
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3.3 ROTATION OF THE EIGENVECTOR!
The main purpose in  ro ta tion  is  to  remove, or a t leas t minimize, 
ambiguities tha t may have arisen in  the stra igh t-fo rw ard  analysis.
In other words, eigenvectors w ith  mediocre lendings w i l l  be trans­
ferred in to  e ith e r a high or a low c o e ff ic ie n t category. An 
important property o f ro ta tion  is  tha t the to ta l percentage o f 
variance extracted remains the same on ro ta tio n ; i t  is  merely 
red is tr ib u te d  amongst the eigenvectors to  enable c la r i f ic a t io n  o f 
the contour f ie ld .  In th is  study 4 eigenvectors have been rotated.
Mapping the loadings o f the f i r s t  ro ta ted  eigenvector reveals 
greater spatia l contrast (Fig. 3.6 upper), espec ia lly  the north­
eastern area which is  p o s itiv e ly  corre la ted w ith  th is  component, 
again a t a level where c o e ffic ie n ts  greater than 0.5 are s ig n if ic a n t 
{F ig . 3.7 lower). Rotation o f the second eigenvector produces a 
contour f ie ld ,  shown in  F ig. 3.7 upper, which seems to  be less 
coherent than tha t produced in  the d ire c t analysis (F ig . 3.3. upper). 
The zones o f s ig n ific a n t association however, have undergone a 
pleasing transform ation, w ith the southwestern h a lf o f the province 
now having a strong a f f in i t y  fo r  th is  component (F ig . 3.7 lower).
The th ird  rotated eigenvector reveals a marked increase in  the area 
o f  pos itive  corre la tion  (Fig, 3.8 upper) w ith  especia lly  high 
loadings re s tr ic te d  to the south and a lobe to the north (F ig , 3.8 
lower). Rotating the fou rth  component c la r i f ie s  areas o f loca lized 
opposed corre la tion  (Fig. 3.9 upper). Areas warranting spec ific  
consideration occur in the south and west (F ig . 3.9 lower).
The resu lts  shown in  Fig. 3.6 to  F ig. 3.9 inc lus ive  suggest 
th a t groupings o f m agisteria l d is t r ic ts  on a basis o f  maize y ie ld s  
■is possible. This suggestion hinges on the alignment o f d is t r ic ts  
from d iffe re n t parts o f the Orange Free State w ith certa in  sp e c ific  
eigenvectors. Each y ie ld  series, th a t is  fo r  every magisteria l 
d is t r ic t ,  has 4 rotated eigenvector loadings. For each d is t r ic t ,  
the eigenvector w ith  the highest c o e ff ic ie n t has been noted and 
mapped (F ig . 3.10). The re s u lt was extremely enlightening and, on 
a basis o f th e ir  s im ila r a f f in i t y  fo r  a p a rtic u la r  eigenvector, 
the formation o f homogeneous groups o f d is t r ic ts  becomes clear.
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M g .3.6 - The f i r s t  rotated eigenvector shows improved 
spa tia l contrast between areas o f high 
and low co rre la tio n  (upper). S ig n ifica n t
association is  lim ite d  to  the northeast # # #  
(lower).
The second fa c to r shows l i t t l e  re l ie f  
but fo r  pockets o f negative c o rre la tio n  in  the 
northeast h’.X *  (upper). Apart from a zone in  
the south, high loadings are ubiquitous in  the 
southwestern h a lf o f the province H H H  (lower).
L
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F ig .3.8 - Rotation o f the th ird  eigenvector has increased 
the area o f high c o rre la tio n  re la t iv e  to
zones o f weak association (upper), and
has fu rth e r c la r if ie d  s ig n if ic a n t loadings in 
the north and south lU iH  (lower).
I ;
I F ig .3,9 - Areas o f  high and low association f f g j
' have been damped by the fou rth  fa c to r (upper).
| Localized areas o f  s ig n if ic a n t ly  high loadings
are s t i l l  present (lower) // / / / ,
F ig . 3 ,1 0 - Showing uncorrelated homogeneous maize growing 
regions based on th e ir  strongest a f f in i t y  fo r 
certa in  rotated eigenvectors.
j ^ y  F irs t rotated eigenvector '
I I Second rotated eigenvector
fe4'ki Third rotated eigenvector 
I 1 Fourth rotated eigenvector
I I Magisteria l d is t r ic ts  w ith  incomplete
maize y ie ld  records
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Fig. 3.11 -  Showing homogeneous maize growing regions;
numbering o f regions is  based on th e ir  unique 
geographical s itua tions  ra ther than the 
dominant rotated eigenvectors w ith in  a group 
o f d is t r ic ts .
Blank areas depict d is t r ic ts  fo r  which complete 
records were unavailable.
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Unique geographical groupings were found fo r  components 1 and 2.
For each o f the th ird  and fourth  rotated eigenvectors, there were 
two s p a tia lly  d is t in c t  groupings. This made i t  necessary to  re fe r 
to 3 s p a tia lly  d is t in c t  maize growing regions. Where possible 
•''•use maize regions are referred to by the corresponding 
fa c to r nimber, but where th is  is  not appropriate, additional 
numbers have been included (F ig . 3.11).
Having formed homogeneous groups o f maize regions i t  would 
be advantageous i f  each group could be represented by a s ino le  time 
series. This would g rea tly  s im p lify  subsequent analyses. By 
f i t t i n g  a lin e a r two-way unreplicated model to  the maize y ie ld  
series fo r  each d is t r ic t  w ith in  a region, i t  is  possible to  iso la te  
the components o f  the annual y ie ld  series. These components are: 
a regional temporal e ffe c t, a regional spa tia l e ffe c t and a micro 
or residual e ffe c t fo r  each region. I t  is  the temporal e ffe c t 
th a t is  o f  in te re s t to our analyses.
3.4 FORMATION OF REGIONAL TIME SERIES FOR YIELDS
A two-way analysis o f variance was performed on the records 
fo r  each d is t r ic t  w ith in  the 5 regions. Region 6 has been excluded 
as th is  is  a s ingle d is t r ic t  and therefore has a unique time series. 
-The analysis o f variance tab le  fo r  Regions 4 and 5 is  not presented 
here because o f problems aris ing  from too few degrees o f freedom.
The lin e a r model used in th is  analysis has been defined 
e a r lie r  as
xi j  = P + £ j j  , 1=1,. . .n  ; j= l , . . , s
where is  the annual maize y ie ld  fo r  the i - t h  year and the 
j  th e i- . t r ic t ;  y is  the overa ll nean annual y ie ld  fo r  each 
region; is  the i- th  leve l o f the regional temporal e ffe c t 
series; £ j is the j - t h  level o f the regional spa tia l e ffe c t and 
j  is  thb m icro -e ffect. The analysis o f variance tab le  fo r  
the temper;.! e ffe c t is  shown in  Table 3.2; the n u ll hypothesis 
being H0 : a l l  a ^O .
42
TABLE 3 .2 -  SUMMARY OF THE ANALYSIS OF VARIANCE OF YIELDS FOR AN 
UNREPLICATED FIXED TWO-WAY MODEL ON REGIONS I TO 3; 
Hq : ALL = 0 (F is  F isher's  F -s ta t is t ic ;
Vi are degrees o f freedom o f numerator; are 
degrees o f freedom o f denominator).
21.72
19.86
24.45
The resu lts  demonstrate tha t the regional temporal e ffe c t 1: 
s ig n if ic a n tly  d if fe re n t from zero in  a l l  regions, and the nu ll 
hypothesis, Hq : a l l  -j = 0, can be rejected a t the 0.01 level 
o f s ign ificance . The mean temporal series fo r  Regions 1 to  5 
are shown in  Table 3.3.
TABLE 3 .3 - MEAN TEMPORAL SERIES FOR REGIONS 1 TO 5.
Year
Region
1 2 3 4 5
1949-50 -0.64 -1,23 -2.23 1.29 1.72
1950-51 -1.11 0.46 -0.62 -0.30 1.71
1951-52 -1.59 -2.51 -4.79 -1.46 -0.44
1952-53 0.06 -0.50 - f .77 2.21 -1.06
1953-54 -0.27 0.48 0.56 0.37 -1.02
1954-55 -1.08 -1.00 -0.30 -1.03 1.99
1955-55 -0.97 0.33 -0.87 0.75 0.12
1956-57 -0.88 0.89 1.18 3.12 0.67
1957-58 -3.05 -0,16 -0.71 0.64 -1.22
1958-59 -1.54 1.03 -1.80 -0.99 -0.13
1959-60 0.47 0.42 -0.45 -2.37 1.40
1960-61 1.51 -0.38 1.34 -2.52 -0.31
1961-62 2.61 1 .91 4.29 -0.12 -0.63
1962-63 3.57 3 .0 6 4.35 0.86 1.25
1963-64 0.97 -1.63 -1.35 -2.63 -1.98
1964-65 1.94 -1.17 2.19 2.18 -0.72
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The re je c tio n  o f the n u ll hypothesis im plies tha t year-to-year 
va ria tio n s  are not due to chance but th a t samples have been taken 
from d iffe re n t populations o f  annual maize y ie ld s .
P rinc ipa l component analysis has been employed e f f ic ie n t ly  in 
reducing the complexity o f the data m atrix to be analysed. By 
mapping the strongest a f f in i t y  o f each d is t r ic t  fo r  a ce rta in  fa c to r 
(th a t is ,th e  highest fa c to r load ing), a number o f  uncorrelated 
homogeneous maize growing regions evolved, A two-way fixed  e ffec ts  
unreplicated lin e a r model was then f i t t e d  to  the time series w ith in  
a region, thereby determining regional time series representative 
o f the d is t r ic ts  w ith in  tha t group. These new series are used 
in  subsequent analyses and are referred to  as the regional temporal
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CHAPTER 4
MAIZE-CLIMATE RELATIONSHIPS
4.1 INTRODUCTION
Regional temporal series have been determined fo r  each homo­
geneous maize region using a two-way unreplicated lin e a r model. 
These new y ie ld  series are used w ith the appropriate ra in fa l l  and 
temperature data in  a study o f maize-climate in te rre la tio n sh ip s . 
Stepwise m u ltip le  regression is  a useful technique fo r  e luc ida ting  
such in te rre la tio n sh ip s , and in  the present study shows th a t a 
re la t iv e ly  high percentage o f the va ria tio n  in  maize y ie ld s  is  
a ttr ib u ta b le  to  c lim a tic  facto rs  and ordered temporal va ria tions .
4.2 DATA USED IN THE MULTIPLE REGRESSIONS
4.2.1 R ainfa ll
I t  was mentioned e a r lie r  th a t ra in fa l l  records fo r  
o f f ic ia l ly  defined regions (Weather Bureau, 1972) would be 
used, and tha t these r a u fa l l  series were availab le fo r  
re la t iv e ly  small areas o f the Orange Free State (F ig . 4 .1 ).
From Fig. 4.1 i t  is  evident tha t a number o f ra in fa l l  series 
could be used, e ith e r as ind iv idua l series or as the mean o f 
several ind iv idua l series , as possible p redictors o f maize 
y ie ld s  w ith in  each region. By exploring in  the regression a l l  
possible combinations o f  ra in fa ll series lo r  a p a rtic u la r 
region, th is  problem was overcome: th a t ra in fa l l  series 
accounting fo r  the la rgest amount o f variance in  maize y ie ld s  
in  each region was chosen. Where there was l i t t l e  to  choose 
between having an ind iv idua l or combined series , the former was 
chosen fo r  ease in  the p rac tica l app lica tion  o f forecasting
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55
1 - Regional ra in fa l l  d is t r ic ts  o f the Orange Free 
State, as defined by the South A frican  Weather 
Bureau (1972).
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models to be developed la te r .
4.2 .2 Temperature
E a rlie r  i t  was stated tha t s ing le temperature sta tions 
were chosen fo r  each maize region and th a t monthly mean values 
were ava ilab le  fo r  both 08h00 and 14h00. This la t te r  
d i f f ic u l t y  was overcome by adopting an approach s im ila r to 
tha t used in  choosing ra in fa l l  series. Both time series o f 
temperature were run through the regression fo r  each region, 
and once again th a t series accounting fo r  the la rges t pro­
portion o f  the variance in  y ie ld  was employed in  the f in a l 
regressions. The ra in fa l l  and temperature th a t were f in a l ly  
chosen fo r  each region are given in Table 4.1
TABLE 4 .1 - RAINFALL AND TEMPERATURE SERIES USED IN THE
FINAL REGRESSIONS. The series were selected on 
a basis o f  th e ir  con tribu tion  to  the to ta l 
variance o f regional maize y ie ld s  (S.A.S.T. is 
South A frican Standard Time).
Region R a in fa ll Series Temperature Series
Mean 73/60 Bethlehem 08h00 SAST
2 70 Bloemfontein 08hOG SAST
3 83 Kroonstad OBhOO SAST
Mean 55/56 Fauresmith 14h00 SAST
70 Fauresmith OBhOO SAST
81 Fauresmith 14h00 SAST
4.2.3 Temporal Variations
An add itional term has been added which encompasses 
organized miscellaneous facto rs  con tribu ting  to y ie ld  va ria tio n s ; 
fo r  example, the use o f fe r t i l iz e r s  and/or high y ie ld ing  
va rie tie s  o f maize and other technological advances. For 
conciseness throughout the d isse rta tio n , these factors w il l  be 
referred to  as temporal varia tions.
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Id e a lly  the annual sets o f  monthly ra in fa ll and temperature 
values, together w ith  the terra fo r  temporal change should be 
combined to  form a set o f 25 independent variab les. This was not 
possible however, since the number o f years in  the y ie ld  series 
(N =16) must be greater than the number o f pn-d ic to r variables 
{ p = 25) i f  s u f f ic ie n t  degrees o f freedom an? to  be ava ilab le .
In the f i r s t  instance ra in fa l l  and temperature would be r-n  through 
the regression separately. Thus in  each case the number o f 
pred ic to r variables would be 13. This exploratory run was useful 
in  providing a guide fo r  choosing the c r i t ic a l  r a in fa l l  and temp­
erature months fo r  the f in a l regression.
the c r ite r io n  assumed fo r  entry o f a variab le  in to  a regression 
is  th a t the proportion o f  the variance in  y ie ld s  accounted fo r  by 
th a t p a rtic u la r  p red ic to r variab le  must be greater than o r equal 
to 0.01. Using th is  c r ite r io n  a maximum o f 5 months fo r  each ot 
ra in fa l l  and temperature were selected fo r  addition in to  the f in a l 
regression. Considering c lim a tic  and time dependent facto rs  
together, there was no region which contributed more than 6 
variables a t a 5 per cent leve l o f s ign ificance , to  the f in a l 
regression functions.
The v a l id ity  o f the decision to regress y ie ld  on each set o f 
p red ictors separate '1' checked using a d if fe re n t system o f 
regression. Ti.‘ is  based on an ite ra t iv e  method
(Veldraan, 1967) " which was not ju s t i f ie d  because o f
g reater use o f compUv   This ite ra t iv e  technique pulled
in to  the model the same s ig n if ic a n t p red ic to r variab les as had the 
e a r lie r  method based on the so lu tion  o f normal equations. The 
only differences encountered were in those variables th a t were not 
s ig n if ic a n t a t the 5 per cent leve l which re la te  to  random re la t io n ­
ships between maize y ie ld s  and the p red ic to r variab les.
Having ju s t i f ie d  the decision to regress y ie ld s  on each set 
o f p red ic to r variables s e p a ra te ly ,it is  appropriate to  present the 
re su lts  o f the ind iv idua l runs on ra in fa l l  and temperature. The 
re su lts  o f the f in a l regressions once ra in fa l l  and temperature 
months have been combined w i l l  be f in a l ly  presented.
4.3 REGRESSION WITH RAINFALL AND TIME
In Region 1 maize y ie ld s  are determined la rg e ly  by September 
r a in fa l l ,  which accounts fo r  26.6 per cent o f  the to ta l variance in 
y ie ld s  (F ig . 4 .2 ). Further south in  Region 2 i t  is  the midseason 
months from November to  January tha t are c r i t ic a l  to  maize y ie ld s . 
The northern d is t r ic ts  comprising Region 3 show th a t no single 
month's ra in fa l l  accounts fo r  a marked portion o f the variance 
in  y ie ld s , but tha t months' from January onwards con tribu te  to  
y ie ld  va ria tio n s . Region 4 exh ib its  the seemingly anomalous 
re s u lt where the month accounting fo r  the la rgest percentage o f 
the variance is  not the best p re d ic to r; October ra in  accounts 
fo r  22.8 per cent o f the variance and is  pulled in to  the regression 
f i f t h  while May and Ju ly  ra in fa l l ,  accounting fo r  14.9 and 16.5 
per cent respec tive ly , are the best p red ictors o f maize y ie ld s .
This is  an advantage o f using stepwise ra ther than conventional 
m u ltip le  regression. Region 5 is  s im ila r to Region 4 In tha t 
October ra in  again accounts fo r  a substantia l amount o f the 
va ria tio n  in  y ie ld s , namely 27.1 per cent; i t  d if fe rs  from Region 4 
in  being the most valuable p red ic to r month. The south western 
pa rt (Region 6) is  unique in  th a t May and June's ra in fa l l  are most 
s ig n if ic a n t. Since the f in a l y ie ld s  o f  maize are determined in 
pa rt by the extent o f  moisture re ten tion  o r loss from the ke rne l, 
i t  is  possible th a t by harvesting la te r  in  the season in  Region 6 
the f u l l  e ffe c t o f ra in  during May and June would be f e l t .  A 
summary o f the variance accounted fo r  by s ig n if ic a n t ra in fa l l  
months and time is  provided in  Table 4.2.
4.4 REGRESSION WITH TEMPERATURE AND TIME
When considering temperature and time as the set o f pred ic to r 
variables in the regression, i t  is  seen th a t y ie ld s  o f Region 1 
show some degree o f dependence on both ea rly  (August) and la te  
season (A p r il)  temperatures (F ig . 4 .3 ). The temperature pattern 
fo r  Region 2 is  ra ther s im ila r to  tha t o f r a in f a l l ; in both a 
s ing le  month is  c r i t ic a l  fo r  determining y ie ld s . November's 
ra in fa l l  accounted fo r  35.2 per cent o f the variance in  y ie ld s ; here 
tem perature during March dccount fo r  38.6 per cent o f  the va ria tion
F ig .4.2 C ontribution o f d if fe re n t ra in fa l l  months to  the 
to ta l variance in  maize y ie ld s  fo r  each region. 
Numerals denote the order in  which pred ic to r 
months were pulled in to  the regression.
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4 .2 - SUMMARY OF THE CONTRIBUTION OF RAINFALL MONTHS AND TIME 
IN ACCOUNTING FOR THE VARIANCE IN MAIZE YIELDS FOR ALL 
6 MAIZE REGIONS. PREDICTORS LISTED IN THE ORDER IN 
WHICH THEY WERE DRAWN INTO THE REGRESSIONS.
Region Variable
MULTIPLE CORRELATION
Coefficient (R) r'  (X),variance
September
December
November 0.92 85.3
November
December 52.9
January S2.I
M ,
January
February 0.79
January
October 0.89
October
January
December
0.87
T l" 0.66
in  y ie ld s . Whereas ra in fa l l  in  Region 3 was not c r i t ic a l  to  y ie ld s  
th is  pattern is  counterbalanced by the importance o f temperature. 
December temperatures are a s tr ik in g  lim it in g  fa c to r to  maize yie lds 
in  th is  region and account fo r  46.8 per cent o f the variance.
Region 4 reveals patterns fo r  temperature s im ila r  to  those obtained 
fo r  r a in fa l l .  While there is  no s ing le  month tha t accounts fo r  a 
sizeable amount o f the variance in  y ie ld s , September temperature 
accounts fo r  25.9 per cent o f the variance and la te  season months 
(A p ril and May combined) account fo r  a s im ila r percentage o f 
y ie ld  va ria tio n s . Region 5 re fle c ts  certa in  o f the properties 
described fo r  Region 2, in  tha t both mid and la te  season temp­
eratures are e ffe c tiv e  in  lim it in g  maize y ie ld s ; in  p a rt ic u la r.
May and December temperatures account fo r  25 0 and 16.2 per cent 
respective ly , o f the va ria tio n  in  y ie ld s , as w ith ra in fa l l  
pa tterns, temperatures o f the la te  season months are dominant in 
Region 6. The con tribu tions o f temperature months and time to 
the to ta l variance in  maize y ie ld s  are shown in  Table 4.3.
4.5 FINAL REGRESSION OF YIELDS ON RAINFALL, TEMPERATURE
AND TIME
This set o f p red ic to r variables was based on the ra in fa l l  and 
temperature months selected from the exploratory series o f 
regressions. The temporal term was included in  the f in a l 
regression, on ly i f  i t  played a s ig n if ic a n t ro le  in  the ind iv idua l 
regression runs using ra in fa l l  or temperature. As mentioned 
e a r lie r  the maximum number o f p red ic to r variables pulled in to  the 
f in a l regression was 5. The con tribu tion  o f each pred ic to r to 
the c o e ff ic ie n t o f determ ination can also be expressed as the 
percentage con tribu tion  to  the to ta l variance in  y ie ld s  th a t is 
accounted fo r .  The la t te r  notation w i l l  be used in the discussion 
which fo llow s. Using F ishe r's  F -s ta t is t ic  to  assess sign ificance  
we f in d  th a t variables entering the regression are s ig n if ic a n t 
a t the 5 per cent le v e l.
Yields from Region 1 show a d e fin ite  response to the c lim a tic  
behaviour in  the ea rly  part o f the growing season. I t  is  evident 
from Table 4.4 tha t time accounts fo r  42.2 per cent o f the variance 
in  maize y ie ld s .
F ig ,4.3 C ontribution o f d if fe re n t temperature months to  
' the to ta l variance in  maize y ie ld s  fo r each region. 
Numerals denote the order in  which p redictor 
months were drawn in to  the regression.
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TABLE 4 .3 -  SUMMARY OF CONTRIBUTION OF TEMPERATURE MONTHS AND TIME 
TO THE TOTAL VARIANCE IN MAIZE YIELDS FOR REGIONS 1 TO 
6 . PREDICTOR VARIABLES ARE LISTED IN THE ORDER IN 
WHICH THEY WERE DRAWN INTO THE REGRESSION.
M W Variable
MULTIPLE CORRELATION
C o e ffv tu it (R) R- (H) .variance
August
J«ly 0.89 79.0
November
September 0.89 79.8
December
February
77.S
September
0.94
September
November
Oectiwber
July 0.85
January
November
Apnl 0.83 69.1
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TABLE 4 .4 - CONTRIBUTION OF RAINFALL, TEMPER'TURE AND TIME 
TO THE TOTAL VARIANCE IN MAIM YIELDS OF 
REGION 1. Rn re fers to r a in fa l l ; T to  temperature, 
(R2 is  cumulative).
Variable
Entered
Mul t ip le  C orrelation Increase 
in R’  (%) to  enterC oeffic ient(R ) R2(%),variance
Time 0.65 42.2 42.2 10.24
Sept,(Rn) 0.83 68.8 26.5 11.04
Aug. (T) 0.89 78.4 9.6 5.35
Nov.(Rn) 0.93 87.2 8.8 7.50
Dec.(R„) 0.96 92.5 5.4 7.19
September ra in fa l l  and August temperature account fo r  26.5 and
9.6 percent o f the va ria tio n  in  y ie ld s  respective ly . F ig .4.4 
provides a p ic to r ia l representation o f these re la tionsh ips .
The c r ite r io n  by which variables are entered stepwise intw 
the regression was said e a r lie r  to  be the maximum a.-o.n/ 
variance accounted fo r .  For th is  we look a t the p a r t ia l c o rre l­
a tion  c o e ffic ie n ts . In the case o f Region 1 time was pulled in to  
the regression f i r s t  because i t s  simple co rre la tion  c o e ff ic ie n t ( r )  
is  greatest. Using Table 4.5 as a guide i t  is  seen th a t September 
ra in fa l l  has the highest p a rt ia l co rre la tion  co e ffic ie n t a t Step 2 
( r p = -0.678) and therefore enters the regression second. At 
Step 3, August temperature has the la rgest r p and therefore is  
pulled in to  the equation th ird  and so on. The order in  which 
variables are pulled in to  the regression denotes th e ir  importance 
as p red ic to r variables o f maize y ie ld s , when combined w ith  those 
already in  the regression.
A perusal o f the simple co rre la tion  m atrix fo r  Region 1 
shows tha t only simple co rre la tions  fo r  time and A p ril temperature 
w ith  y ie ld s  are s ig n if ic a n t a t the 95 per cent level (Table 4 .6 ). 
Had we not examined . . i r t ia l  co rre la tion  c o e ff ic ie n ts , the 
p red ic tive  q u a lit ie s  v f  September, November and December ra in fa l l
F ig .4.4 Relative con tribu tion  o f ra in fa l l  and temperature 
months to  the to ta l variance in  maize y ie ld s  fo r  
Regions 1 and 2. Numerals re fe r  to  order in  
which pred ic to r months were pu lled in to  the 
regression.
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TABLE 4.5-PARTIAL CORRELATION COEFFICIENTS FOR 4 STAGES 
OF STEPWISE REGRESSION FOR REGION 1. Time was 
pulled in to  the regression f i r s t  because i t s  simple 
r  was greatest (Rn re fe rs  to  ra in fa l l ,  T to  temperature).
Variable P a rtia l co rre la tio n  c o e ffic ie n ts  ( r n)
Step 2 Step 3 Step 4 Step 5
Aug.(Rn) -0.1841 0.1605 -0.4230 0.2027
Sep.(Rn) -0,6777
Oct.(Rn) -0.1872 -0.1307 -0.2879 0.1554
Nov,(Rn) 0.3249 0.4233 0.6367
Dec.(Rn) -0.1324 -0.2802 -0.6313 -0.6467
Apr.(Rn) 0.1850 0.4698 0.1729 0.0764
J u l . (7) -0.1223 0.1147 0.0435 -0.0405
Aug.(T) 0.4699 0.5553
Nov.(T) -0.1737 -0.0573 0.0280 -0.01G8
Dec.(T) -0.0380 -0.0315 0.0155 0.2621
Mar.(T) 0,0965 -0.1645 -0.2176 -0.3120
Apr.(T) -0.2807 -0.1168 -0.4076 -0.4915
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and August temperatures would have been missed. These months 
account fo r  a to ta l o f 50.3 per cent o f the variance in  maize y ie ld s .
TABLE 4 .6 - SIMPLE LINEAR CORRELATION COEFI'ICIENTS ( r )  OF 
COMBINED RAINFALL AND TEMPERATURE MONTHS WITH 
TIME, ON ANNUAL YIELDS FOR REGION 1 . ( *  denotes 
s ign ificance  a t the 95% le v e l) .
Variable
Time -0.65 *
Aug.(Rn) -0.12
Sep.{Rn) -0.49
0ct.(R n) -0,06
Nov.(Rn) 0.34
Dec• (Rn) -J.28
Apr.(Rn) 0.35
J u l.(T ) -0.28
Aug.(T) -0.17
Nov.(T) -0.22
Dec.(T) 0.10
Mar.(T) -0 .U
Apr.(T) -0.58 *
In the f in a l model i t  is  in te re s tin g  to  note th a t A pril 
temperature does not emerge as a p re d ic to r. This is  because the 
simple co rre la tio n  co e ffic ie n ts  ( r )  re fe r  to  variables in  iso la tio n  
and not in  combination w ith  several others. The p a rtia l c o rre l­
a tion (rp) on the other hand, takes as given those variables already 
in  the regression and hence describes a combined e ffe c t between 
variab les.
The fin a l model fo r  Region 1 is  given in  Eg.4.1
Y = 1.47 -0.35 Time -0.02 Sep (R) +0 .01  Nov (R) -0.01 Dec (R) 
+ 0.70 Aug (T) (4 .1 )
58
where Y is  the predicted annual maize y ie ld . This regression 
model accounts fo r  92.5 per cent o f the to ta l variance o f maize 
y ie ld s . The ove ra ll f i t  c f  the equation is  s ig n ific a n t a t the 
99 per cent le v s l.
The m u ltip le  regression on maize y ie ld s  o f Region 2 shows 
th a t c lim a tic  facto rs  during the la t te r  part o f the season exert 
an important in fluence on maize y ie ld s . In p a rtic u la r mid and 
la te  season temperature months are c r i t ic a l ;  March temperature 
iccounting fo r  38.6 per cent o f  the variance in  y ie ld s  (Table 4 .7 ).
TABLE 4 .7 - CONTRIBUTION OF ALL PREDICTOR VARIABLES TO THE
TOTAL VARIANCE IN YIELDS FOR REGION 2. Rn re fers 
to  r a in fa l l ;  T to  temperature (R2 is  cumulative)
Variable
Entered
M ultip le Correlation Increase 
in  R5(%:
F value 
to  enterCoe,?tic ie n t(R ) R^(%),variance
Mar.(T) 0.62 38.6 38.6 8.80
Nov.(Rfi) 0.81 64.9 26.3 9.73
Dec.(Rn) 0.87 76.5 11.7 5.96
Mar.(Rn) 0.91 82.7 6.2 3.93
Another Important con tribu tion  in  accounting fo r  the variance 
in  maize y ie ld s  fo r  Region 2, is  th a t o f November and December 
ra in fa l l  which account fo r  26.3 and 11.7 per cent o f the va ria tio n  
(F ig . 4 .4 ). The f in a l model which accounts fo r  82.7 per cent o f 
the to ta l va ria tio n  in  y ie ld (E q .4.2) does not include any temporal 
e ffec ts  on y ie ld s .
Y = 11.71 + 0.03 Nov (R) + 0.02 Dec (R) + 0.01 Mar (R)
-0.87 Mar (T) (4.2)
The overa ll f i t  o f the regression equation is  s ig n if ic a n t a t 
the 99 per cent le v e l,
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F ig .4 .5 - Relative con tribu tion  o f ra in fa l l  and temperature 
months to  the to ta l variance in  maize y ie ld s  ; 
numerals denoting order o f importance in  the 
regression, th a t is ,  order in  which they were taken 
in to  the regression.
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Maize y ie ld s  in  the northern pa rt o f the Orange Free State, 
tha t is  Region 3, are more sens itive  to  ti-.perature tr. -.n r a in f a l l .
The e ffe c t o f December and February temperatures in  accounting fo r  
variance in  maize y ie ld s , is  by no means in s ig n if ic a n t; they 
account fo r  a to ta l o f  66.5per cent o f y ie ld  varia tions (Table 4.8).
TABLE 4 .8 - THE CONTRIBUTION OF COMBINED PREDICTOR VARIABLES TO 
THE TOTAL VARIANCE IN MAlZE YIELDS OF REGION 3;
Rfi re la tes to ra in fa l l  ; T is  temperature(R2 is  cumulative).
Variable
Entered
M u ltip le  C orrelation Increase 
in  R:(%)
F value 
to enterC oeffic ient(R ) R:(%),variance
Dec.(T) 0.68 46.8 46.8 12.29
Feb. { F) 0.82 66.5 19,7 7.65
May (T) 0.88 77.7 11.2 6.02
Sep.(T) 0.92 84.5 6.9 4.88
Fig. 4.5 i l lu s tra te s  the re la t iv e  con tribu tions o f the 
d iffe re n t temperature months to  the to ta l y ie ld  va ria tion .
Although the f in a l regression function contains a mere 4 independent 
variables (Eq.4.3.) i t  accounts fo r  a sizeable 84.5 per cent o f  the 
variance in  maize y ie ld s .
Y -  56.09 + 0.49 Sep (T) -  1.20 Dec (T) - 1.67 Feb (T)
- 0.86 May (T) . ( 4 .3 )
In te res ting  compensation between ea rly  and la te  season c lim a tic  
e ffe c ts  is  exhibited by Region 4. The ea rly  season effects  
include Ju ly and September temperatures and October ra in fa l l ;  the 
la te  season e ffec ts  are A p r i l , May and June temperatures (Table 4 .9 ). 
These resu lts  may seem ra ther odd, but bearing in  mind th a t harvesting 
is  up to  and includ ing June (G arlipp, 1976), these resu lts  are 
qu ite  acceptable.
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TABLE 4 .9 - CONTRIBUTION OF RAINFALL AND TEMPERATURE MONTHS 
IN ACCOUNTING FOR YIELD VARIANCE IN REGION 4: 
Rn denotes ra in fa l l  and T re fe rs  to  temperature 
(R2 is  cumulative).
Variable
Entered
M u ltip le  C orrelation
Increase 
in R'(%]
F value 
to  enterCoeffic ient(R ) R2(%).variance
Sep.(T) 0.51 25.9 25.9 4.90
Apr.(T) 0.64 41.6 15.6 3.48
0ct.(R n) 0.71 50.7 9.2 Z.23
May(T) 0.80 63.4 12,6 3.79
Ju l.(T ) C.90 81.0 17.7 9.32
These in te rre la tio n sh ip s  be trjen c lim a tic  variables are 
il lu s tra te d  in  Fig. 4.5. The overa ll f i t  o f  the regression function 
(Eq. 4.4) is  s ig n if ic a n t a t the 99 per cent leve l and i t  accounts fo r 
81 0 per cent o f the to ta l variance in  maize y ie ld s .
Y = 10.46 + 0.05 Oct (R) + 0.69 Jul (T) - 0.77 Sep (T)
-0.89 Apr (T) + 0.76 May (T) (4 4)
Region 5 shows several s im ila r it ie s  to  Region 1: both ind icate
tha t c lim a tic  facto rs  close to  p lan ting  are o f  most importance in 
determining f in a l maize y ie ld s . In Region 5 , October , January 
and December ra in fa l l  account fo r  27.1, 17.5 and 11.2 per cent o f 
the variance respective ly  while  16.3 per cent o f  the va ria tio n  is  
due to  June temperatures (Table 4.10).
Fig. 4.6 i l lu s tra te s  the re la t i" 's h ip s  o f c lim a tic  variables 
to  each other and th e ir  con tribu tions - the to ta l variance in 
maize y ie ld s .
F ig .4.6 Relative con tribu tion  o f ra in fa l l  and temperature 
months to  the to ta l variance in  maize y ie ld s ; 
numerals denote order o f "importance,that is ,  order 
in  which months were pulled in to  the regression.
TABLE 4 ,1 0 - CONTRIBUTION OF ALL PREDICTOR VARIABLES TO THE TOTAL
VARIANCE IN MAIZE YIELDS FOR REGION 5; R is  R a in fa ll 
T is  teni| erature (R2 is  cumulative).
Variable
Entered
M u ltip le  C orrelation Increase 
in R'(%)
F value 
to  enterC oeffic ient(R ) R*(%) .variance
Oct.(Rn) 0.52 27.1 27.1 5.21
Jan.(Rn) 0.67 44.6 17.5 4.12
Time 0.77 59.0 14.3 4.19
Dec.(R) 0.84 70.2 11.2 4.14
Jun.(T) 0.93 86.3 16.1 11.78
Nov.(T) 0.97 94.9 8.6 15.21
Another s im ila r ity  between Region 5 and Region 1 is  th a t in 
both regions, time accounts fo r  a sizeable fra c tio .t o f the to ta l
va ria tio n  in  maize y ie ld s  (re fe r to  Table 4.4 ). This c le a r ly
serves to  increase the c o e ff ic ie n t o f determination and the overa ll 
f i t  o f the model in  both regions. The f in a l regression function 
fo r  Region 5, given in  Eq.4.5 explains 94.9 per cent o f the to ta l 
va ria tio n  in  maize y ie ld s .
Y = 4.09 + 0.08 Time - 0.01 Oct (R) + 0.02 Dec (R) +
0.01 Jan (R) -  0,39 Nov (T) + 0.42 Jun (T) (4 .5)
Region 6 is  qu ite  d if fe re n t from other regions in th a t maize 
y ie ld s  are qu ite  in d iffe re n t to  c lim a tic  conditions between Ju ly and 
December. Late season r a in fa l l  and temperatures con tribu te  74.4 per 
cent o f the to ta l va ria tio n  in  y ie ld s  (Table 4 .11). This surpris ing  
re s u lt is  i l lu s tra te d  in  Fig. 4.6 which enhances the d if fe re n t ia l 
con tribu tions o f ra in fa l l  and temperature to  the to ta l variance in 
y ie ld s .
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TABLE 4 . n -  CONTRIBUTION OF ALL PREDICTOR VARIABLES TO THE 
TOTAL VARIANCE IN MAIZE YIELDS OF REGION 6;
Rn is  r a in fa l l ;  T is  temperature (R2 is  cumulative).
Variable
Entered
M u ltip le  Correlation Increase 
in R'(%)
F value 
to  enterCoeffic ient(R ) R2(K),variance
Jun.(T) 0.61 37.0 37.0 8.22
May (Rn) 0.82 67.1 30.1 11.87
Apr.(T) 0.86 74.4 7.3 3.41
Nov.(T) 0.90 81.0 6.6 3.84
The f in a l model fo r  Region 6 is  shown in  Eq. 4.6
Y= -  15.57 -0 .0 7  May (R) - 0.48 Nov (T) + 0.44 Apr (T)
+ 1.34 Jun (T) (4 .6)
This model accounts fo r  80.9 per :en t o f  the to ta l va ria tion  
in y ie ld s  which is  the lowest o f e l l  the regions but r t i l l  a sizeable 
amount o f the variance,
The regression models developed fo r  each region are e f f ic ie n t 
in  accounting fo r  large fra c tio n s  o f  the to ta l variance in  maize 
y ie ld s , varyiny from 80.9 per cent in  Region 6 to  95.0 per cent in  
Region 5. I t  is  well known th a t ra in fa l l  and temperature are 
important to  maize y ie ld s  (Azzi, 1956). Contrary to  expectations, 
the find ings o f  th is  analysis have shown th a t the con tribu tion  o f 
c lim a tic  conditions to  y ie ld s  is  not lim ite d  to certa in  p a rtic u la r 
stages in the growth cycle o f the maize p lan t: fo r  instance, the 
importance o f moisture during the flow ering stage o f  the maize p lant 
has been stressed (G arlipp , 1976; K iriakov, 1938). Instead th is  
study has revealed tha t d if fe re n t months o f ra in fa l l  and temperature
are lim it in g  facto rs  to  maize y ie ld s  in  d if fe re n t regions o f the 
Orange Free S tate. In add ition  temporal changes, due to  improved 
farming p ractice and technology are frequently  overemphasized."
Of the 6 regions studied only Regions 1 and 5 exhibited temporal 
va ria tio n  to  be o f s ign ificance  in  determining y ie ld s ; other 
regions appear to  be unaffected by such changes.
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CHAPTER 5
MODEL EXTENSION FOR FORECASTING PURPOSES
5.1 INTRODUCTION
Using stepwise m u ltip le  regression, l in e a r models fo r  predicting 
maize y ie ld : have been developed fo r  each region. I t  was shown 
th a t c lim a tic  factors and time dependent changes did not account 
fo r  a l l  o f the variance in  maize y ie ld s . By examining the 
residuals from the regressions i t  is  possible to  investiga te  tha t 
fra c tio n  o f the variance in  y ie ld s  not accounted fo r  by the 
regression models. Id e a lly  the residuals should be randomly d is ­
tr ib u te d ; in  the present study the presence or absence o f non - 
random behaviour, and the nature thereo f, is  examined. The 
maximum entropy method o f spectral analysis w i l l  be used fo r  th is  
analysis. The presence o f non-random behaviour in  the residuals, 
could have serious im plications on y ie ld  estimates obtained using 
these regression models. This reason alone is  s u f f ic ie n t  ju s t i ­
f ic a tio n  fo r the analysis.
I t  has been shown tha t on ly certa in  o f the o rig in a l p red ictor 
months were included in  the f in a l regression models fo r  each o f the 
6 maize regions. In other words, stepwise regression has 
proved e f f ic ie n t  in  forming economical subsets o f the o rig in a l 
independent variab les. I t  would be o f  advantage i f  these models 
could be used to  obtain a forecast fo r  the current crop as early 
in  the season as possible. In th is  chapter the p o s s ib il ity  o f 
deriv ing an equation th a t provides a forecast in  January w il l  be 
investigated .
5.2 EXAMINATION OF RESIDUALS FROM THE REGRESSION
The reui . th» regression have been subjected to
spectral ana' . The maximum entrcpy method has been used rather 
than conventional spectral analysis because o- i t s  s u ita b i l i ty  fo r  
analysing short time series. Instead o f the assumed random 
d is tr ib u tio n  o f the res idua ls , s ig n if ic a n t peaks have been found 
in  the spectra (Table 5.1 ). The re la t iv e  importance o f peaks is  
assessed on a basis o f a signal to  noise ra t io  greater than 3 
(C u rrie , 1974c). Using th is  c r ite r io n  a l l  peaks except three 
are s ig n ific a n t.
TABLE 5 .1- WAVELENGTHS AT WHICH PEAKS ARE CENTERED IN THE SPECTRA 
OF THE TEMPORAL SERIES FOR REGIONS 1 to  6. INSIGNIFI­
CANT PEAKS ARE MARKED THUS * .
Region Peaks (wavelengths in  years)
1 10.00 3.33 2.31
2 12.00* 5.00 3.33 2.22*
3 8.57 4.00 2.22*
4 12.00 6.67 3.16 2.14
5 6.67 3.53 2.40
6 10.00 4.00 2.22
The c le a r ly  defined peaks revealed in  the spectra show a 
regional d is tr ib u tio n  in  th e ir  occurrence (F ig . 5 .1 ). Regions
2 and 4 e xh ib it a weak o s c il la t io n  wi h a mean period o f  12 
years; peaks w ith  wavelengths o f 8 - 10 years are found in  Regions
1,3 and 6; Regions 2,4 and 5 e xh ib itin g  s ignals w ith  a mean 
period o f  6 years. Bearing in  mind tha t the length o f y ie ld  
series is  16 years; o s c illa t io n s  o f longer wavelengths have
been taken care o f in  the regressions.
At the higher frequency end o f the spectra, an o s c illa t io n  o f
3 to  4 years is  ubiquitous. I t  is  espec ia lly  strong in  the
Region 61
5 .1 - Spectra o f residuals from regressions w ith
Regions 1 to  6 showing ubiquitous d is tr ib u tio n  
o f  the 3-4 year and the quasi-biennial 
o s c il la t io n  and s p a tia lly  dependent o s c illa t io n s  
in  the longer wavebands.
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northern and southwestern parts o f the Orange Free State (Regions 
3 and 6) where i t  peaks on 4,00 years. This corre la tes w ell w ith 
the 3-4 year o s c il la t io n  in  r a in fa l l , the ub iqu ity  o f which has 
been reported by Tyson (1972) and Tyson, s t  d l  (1975).
An o s c il la t io n  in  the wavelength o f 2 to  3 years is  also 
apparent. The peaks in  th is  waverange are strongest in  the south 
and southwest (Regions 4,5 and 6) w ith  signals weakening in  a 
northe rly  d ire c tio n . Although the spectral peaks in  th is  wave­
range fo r  Regions 2 and 3, are not s ta t is t ic a l ly  s ig n if ic a n t, the 
fa c t remains th a t they do e x is t. I t  has been argued th a t peaks 
in  the high frequency region o f the spectrum are due to  a lias ing . 
In addition to the widespread documentation o f the quasi-biennial 
o s c il la t io n  (Godin, 1972; Trenberfch, 1976; W right, 1968), 
the problem o f a lias ing  diminishes when sampling is  not from 
instantaneous points on a coiitinuous time scale. The is o la tio n  
o f the 2 - 3  year o s c il la t io n  in  maize y ie ld s  accords w ith the 
f lu c tu a tio n  o f s im ila r  wavelength found in  South A frican ra in fa ll 
series (Tyson,1972; Tyson e t a l,  1975; u j . r ,  1975b), # I t  is  
l ik e ly ,  there fo re , th a t the observed 2 to  3 year o s c il la t io n  is  in
some way linked to  the biennia l o s c il la t io n  found in  various
geophysical parameters.
The analysis has shown tha t the residuals are not random but 
contain o s c illa to ry  components. I f  the regression models are to 
be used fo rp ra c tic a l purposes, such as forecasting current maize 
y ie ld s  in  the Orange Free S tate, then i t  w i l l  be necessary to  
incorporate a trigonom etric term in to  the regression mode). The 
inc lusion o f such a non-linear term however, goes beyond the 
bounds o f the present d isse rta tio n . Instead, use o f stochastic 
models in  forecasting y ie ld s  is  lim ite d  to  the deriva tion  o f 
m u ltip le  regression functions based on data from Ju ly to  December 
inc lus ive . This enables a forecast o f the po ten tia l y ie ld  o f the
current crop to be given in  January.
5.3 A METHOD OF MIDSEASON FORECASTING OF MAIZE YIELDS
In an attempt to  use s ta t is t ic a l models fo r  forecasting
purposes, a model fo r  g iv ing estimates in  January, has been 
developed. This has been achieved by includ ing on ly monthly 
c lim a tic  data between Ju ly and December in c lu s ive , as the set o f 
p red ic to r variables in  the regressions. In addition to the 
inc lusion o f temporal va ria tio n  as a p o ten tia l p red ic to r, a new 
pred ic to r variab le  has been introduced: the y ie ld  o f the previous 
year has been added and may ind ica te  the po ten tia l f e r t i l i t y  o f 
the land.
I t  was found tha t the fe a s ib i l i ty  o f estimating maize yie lds 
in  January varied from one region to  another. In Regions 1 and
3 i t  is  h igh ly l ik e ly  th a t the regression given in  Table 5.2, 
could be used fo r  forecasting y ie ld s  in  January. The amount o f 
to ta l variance in  maize y ie ld s  accounted fo r  by the models is 
95.4 and 84.6 per cent respective ly . In these two models the 
y ie ld  o f the previous year contributes su b s ta n tia lly  to  va ria tion  
in  current y ie ld s . Thus the in troduc tion  o f  th is  new pred ic to r 
variab le n u l l i f ie s  the need to  inc lude, in  Regions 1 and 3, a 
trigonom etric term in  the models. December ra in fa l l  and August 
temperature in  both eases contribute to  the high c o e ffic ie n ts  o f 
determination (R2). These resu lts  are most worthwhile because 
considering the Orange Free State as a whole, Regions 1 and 3 
are well w ith in  the southern boundary o f  the maize quadrangle 
(F ig . 5 ,2 ). Midseason forecasting in  these areas would therefore 
be most use fu l.
In comparison w ith  Regions 1 and 3, the resu lts  found in 
Regions 2 and 6 were mediocre. Of the to ta l va ria tio n  in  y ie lds 
fo r  each region., 50.6 and 61.1 per cont respective ly  were accounted 
fo r  by the models (Table 5 .2 ). Although only 2 to  3 p red ictor 
variables ere included in  these models, a f a i r  amount o f the 
variance in  y ie ld s  has been accounted /o r.
Regions 4 and 5 exhib ited the le a s t a f f in i t y  fo r  midseason 
forecasting o f maize y ie ld s . In both regions single p redictor 
months were s ig n if ic a n t a t the 10 per cent level and accounted fo r
31.6 per cent (Region 4) and 21.6 per cent (Region 5) o f the 
va ria tion  in  maize y ie ld s . C learly i t  would not be prudent
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TABLE 5 .2 - LINEAR REGRESSION MODELS FOR FORECASTING CURRENT MAIZE 
YIELDS IN JANUARY. THE FEASIBILITY OF USING THESE 
MODELS IN PREDICTIONS IS INDICATED BY THE PERCENTAGE 
OF THE VARIANCE ACCOUNTED FOR (R2),
Region
Midseason Linear M jlt ip le  Correlation
Forecasting Models Co>?ff. (R) . (%)
1 Y = 3.03 -  0.46 Time -0.29 
Y ie ld ..,
- 0.02 Sep (R) + 0.01 Nov (R)
-  0.02 Dec (R) + 0.87 Aug (T)
0.98 95.4
2 Y = - 2.93 + 0.03 Nov (R) + 
0.02 Dec (R)
0.71 50.7
3 Y = 37.30 + 0.39 Y ie ld . ,
-  0.03 Dec (R) + 0.89 Aug(T)
-  2.01 Dec (T)
0.91 84.6
4 Y = 12.66 - 0.58 Sep (7) 0.56 31.6
5 Y = 0.86 - 0.02 Oct (R) 0.47 21.6
6 Y = -  6.37 + 0.61 Jul (T)
- 1.10 Aug (T) + 0.58 Dec (T)
0.78 61.1
Fig. 5.2 - Generalized boundaries o f homogeneous maize
regions (1 -  6) in  re la t io n  to  the approximate 
lim its  o f  the maize quadrangle.
_____ is  the l im i t  o f  the major maize 
growing area.
  border c-f te.vodary maize growing
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to  attempt to  forecast y ie ld s  in  January in  these regions w ith  the 
models in  th e ir  present form. The add ition  o f a trigonom etric 
terra however, may enhance these re su lts .
5.4 TESTING THE MODELS
When s u ff ic ie n t data is  ava ilab le  i t  is  sometimes divided 
in to  two parts ; these are not necessarily equal. The f i r s t  
section is  usually l in g e r and is  used to  estimate the parameters 
in  the model; th r  second, often shorter section , is  used fo r  
what is  commonly ... as te s ting  the model. In fa c t one is  not 
te s ting  the model as has already been done by considering the 
c o e ff ic ie n t o f m u lt ip i"  co rre la tio n  or the c o e ff ic ie n t o f deter­
m ination. Instead i t  is  the s ta b i l i t y  o f the data-generating 
process tha t is  being tested . This p o licy  which simulates 
fu ture observations is  p a r t ic u la r ly  useful when forecasts fo r  
several time un its  ahead are required (Montgomery and Johnson,
1976). To apply th is  procedure r ig id ly  when data is  sparse 
however, is  ne ither advisable nor is  i t  necessarily worthwhile.
In th is  d isse rta tio n  regression models have been developed 
fo r  providing a forecast o f  maize y ie ld s  in  January. In other 
words, the parameters estimated in  the model o rig ina ted  from the 
period July to December in c lu s ive . Hence using these models a 
forecast fo r  only the current year can be enterta ined, because 
the pred ic to r variables are generated from the previous year.
I t  is  reasonable therefore to  assume th a t, provided the c o e ffic ie n t 
o f determination a tta in s  an acceptable le v e l, the generating process 
w i l l  remain s u f f ic ie n t ly  stable fo r  the model to give a re lia b le  
forecast. I t  w i l l  a lso be reca lled  tha t a confidence in te rva l 
can be placed 5ii the expected value o f  a forecast (Draper and 
Smith, 1966). In the present s itu a tio n  te s tin g  the generating 
process is  considered to  be u n ju s tif ie d . The r is k  being taken is 
tha t thu underlying generating process may involve a step function 
leading to  unexpected re su lts . In p a r t ic u la r , a step function 
would bring about a sudden a lte ra tio n  in  the observed values and 
not a gradual change, There is  no evidence to  suggest tha t th is  
is  l ik e ly  to  occur in  the data under analysis here. Bearing in
74
mind the small sample size ava ilab le  fo r  te s tin g  s ta b i l i t y ,  the 
r is k  is  therefore worth taking.
I t  has been shown tha t i t  is  possible to  use m u ltip le  
regression me' Is w ith  sets o f p red ic to r months truncated a fte r  
December, to  orovide forecasts o f maize y ie ld s  in  January. The 
most re lia b le  forecasts were found in  northern areas situated 
w ith in  the lim its  o f  the maize quadrangle (Regions 1 and 3 ). The 
accuracy o f  y ie ld  estimates decreased as one progressed soutrwards; 
i t  was suggested however, tha t the add ition  o f a trigonom etric 
term mig,,t well enhance th e ir  r e l ia b i l i t y .  I t  was decided tha t 
there was no evidence to suggest th a t a step function  in  the 
generating process may occur, hence te s tin g  the accuracy o f the 
estimate on independent data was considered u n ju s tif ie d , 
considering the small size o f the sample.
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CHAPTER 6
CONCLUSIONS
The e ffects  o f c lim a tic  facto rs  and varia tions thereo f on 
a g r ic u ltu ra l production have become a popular top ic  fo r  discussion. 
This in te re s t stems from a er o f c lim a tic  disturbances in 
recent years and th e ir  e ffe c ts  on man's a c t iv i t ie s ,  in  conjunction 
w ith  our ever-increasing world population. Current agro- 
c lim ato log ica l research is  concentrated on the large scale 
monitoring o f crop expectations and the a n tic ip a tio n  o f food 
shortages. In South A fr ica  re la t iv e ly  few workers have been 
concerned w ith  the q u a n tita tive  p red ic tion  o f crop y ie ld s  using 
c lim a tic  data. Those tha t have, have dea lt w ith  s ing le  production 
systems in  mathematical models ra ther than large scale analyses 
using s ta t is t ic a l modelling techniques.
In th is  d isse rta tion  attempts have been made to  show the 
relevance o f crop y ie ld  analyses in  re la tio n  to  c lim a tic  facto rs  
over a geographical region in  South A fr ic a . The in i t ia l  ob jective  
o f the d isse rta tion  was to  examine s tru c tu ra l re la tionsh ips 
e x is tin g  between maize y ie ld s  and clim ate in  the Orange Free 
S tate; secondly to explore the fe a s ib i l i t y  o f using stochastic 
models to  forecast maize y ie ld s . The sp e c ific  resu lts  o f the 
inves tiga tion  are best summarized as fo llow s:
1. Principa l component analysis has been used to 
replace the 38 m agisteria l d is t r ic ts  w ith  a 
set o f orthogonal variab les , which account 
fo r  most o f  the variance in  the o rig in a l data set.
Vector ro ta tio n  achieved fu rth e r c la r i f ic a t io n  o f 
the new variables and permitted the d e lim ita tio n
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o f 6 homogeneous and uncorrelated maize growing 
regions w ith in  the Orange Free State.
2. These homogeneous maize regions provided the input 
data m atrix fo r  using a two-way fixe d  e ffe c ts  model 
to  iso la te  the independent components o f annual 
maize y ie ld s . These components are: the regional 
temporal e ffe c t, regional spa tia l e ffe c t and the 
loca l or m ic ro -e ffec t. Only the temporal e ffe c t 
fo r  each region was subjected to  fu r th e r analysis. 
Using th is  approach the number o f variab les to  be 
analysed was e ffe c tiv e ly  reduced from time series 
fo r  38 m agisteria l d is t r ic ts ,  to  s ing le time series 
fo r  each o f the 6 maize reguns,
3. For the purpose o f  studying maize-climate re la t io n ­
ships, the temporal series o f each region was 
subjected to  stepwise m u ltip le  regression. Annual 
y ie ld  was the dependent va ria b le ; the p red ic to r 
variables included monthly values o f r a in fa l l  and 
temperature, together w ith  a term fo r  temporal 
va ria tion .
4. The regression models developed fo r  each region 
included a t most, 6 p re d ic to r variab les , a t a 
95 per cent level o f  s ign ificance . These 
regression functions accounted fo r  a sizeable 
amount o f the to ta l variance in  maize y ie ld s , 
the lowest being 80.9 per cent and the highest 
95.0 per cent o f the to ta l va ria tio n  in y ie ld s .
5. The m u ltip le  regression showed th a t maize y ie ld s  
are s trongly re la ted  to  ra in fa l l  and temperature
on a monthly basis. Results showed th a t the c o n tr i­
bution o f c lim a tic  conditions to  y ie ld s  is  not 
l im ite d  to certa in  stages o f growth in  the maize 
p lan t. Instead, d if fe re n t months o f r a in fa l l  and 
temperature are important throughout the year in 
d if fe re n t regions o f the Orange Free S tate.
6. Temporal va ria tions  were o f s ign ificance  in  deter­
mining maize y ie ld s  in Regions 1 and 5. These time
dependent changes include improved technology 
such as the in troduc tion  o f  high y ie ld in g  va rie tie s  
o f  maize, and other c u lt iv a tio n  practices. On a 
basis o f these re s u lts , the e ffe c ts  o f temporal 
changes in  determining y ie ld  varia tions can be 
said to be frequently  overrated.
The residuals from the regression were analysed 
using the maximum entropy method o f  spectral analysis. 
This analysis provided a means o f investiga ting  tha t 
fra c tio n  o f  the variance in  maize y ie lds  unaccounted 
fo r  by the regression models. The residuals were 
not randomly d is tr ib u te d  but exh ib ited o s c illa to ry  
behaviour patterns which were reg iona lly  dependent 
in  th e ir  occurrence, p a r t ic u la r ly  those o f  longer 
wavelengths. A 3 to  4 year signal and the 
quasi-biennial o s c il la t io n  were ubiquitous in  th e ir  
spatia l d is tr ib u tio n .
For p ractica l purposes o f forecasting y ie ld s  in  the 
Orange Free State, i t  is  recommended tha t in  some 
regions a trigonom etric term be added to  the regre­
ssion models; th is  would e lim inate the o s c il la to ry  
components in  the y ie ld  series and enhance the fo re ­
casting accuracy o f the regression equation.
The fe a s ib i l i ty  o f  forecasting  in  January the 
current crop y ie ld  has been tested , and was found 
to  vary between one region and another. I t  was 
evident tha t th is  method would be most suited to 
the north and northeastern parts o f the Orange Free 
State. As one moves fu rth e r south however, the 
p la u s ib i l i ty  o f using th is  approach in  p red ic ting  
y ie ld s  decreases, and in  the fa r  south th is  method 
is  unacceptable. However, a spectral analysis o f 
the regression residuals has shown tha t y ie ld  
estimates in  these areas may be improved by the 
addition o f  a trigonom etric term in  the regressions.
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The theme o f th is  d isse rta tio n  was an agroclim atological 
analysis o f maize y ie ld s  in  the Orange Free State. The resu lts  
have shown th a t d is t in c t  re la tionsh ips  between c lim a tic  fa c to rs , 
namely, ra in fa ll and temperature, temporal varia tions  and maize 
y ie ld s  are present on a regional basis. Sy developing regression 
models fo r  g iv in t y ie ld  estimates in January i t  has been possible 
to  show th a t the monitoring o f  crop expectations is  not zn over- 
o p tim is tic  goal. A major advantage o f using regional time 
series ra ther than the numerous Ind iv idua l d is t r ic t  records is 
tha t the labour involved in  the analysis is  e ffe c tiv e ly  reduced. 
Thus, given broadscale crop and c lim a tic  data, and employing 
ob jective  qu a n tita tive  techniques, there are e xc itin g  p o s s ib il it ie s  
fo r  the fu tu re  development o f  agroclimatology in  South A fr ica .
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